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-Abstract thesis 
 
 
Atherosclerotic plaques develop preferentially in curved and branching arteries in-
vivo. Lipids and inflammatory cells accumulation in the intimal layer of the arterial wall 
is considered as the main driving mechanism in the disease progression. Evidences 
suggest that this focal distribution of plaques may result from the combination of 
systemic risk factors including high plasma cholesterol, smoking, diabetis, hypertension 
or genetic pre-disposition and local hemodynamic risk factors such as low and 
oscillatory flows.  The exact mechanism of the biological and biomechanical 
interactions between the endothelium, blood flow and the growing lesion underneath 
still remains unclear.  
 
This thesis is a study on the relationship between biomechanical factors found in pro-
atherogenic flow and endothelial inflammation. The thesis focuses in particular on the 
effect of secondary flows on wall shear stress and mass transport distribution.  To that 
end, we have combined different techniques from flow imaging, 3D flow 
reconstruction, vascular biology and mathematical simulation of biological network. 
 
In particular, shear stress is involved in the regulation of the pro-inflammatory 
transcription factor nuclear factor -κB (NF-κB) and the vasoregulator Nitric Oxide. The 
role of endothelial Nitric Oxide and wall shear stress on NF-κB activation is still 
controversial. We investigated here the hypothesis that NO negatively regulates NF-
κB activation in flow chamber with sheared endothelial cells and using a mathematical 
model of the NF-κB-NO pathway.  
 
 
Understanding the underlying relationship between hemodynamic factors and 
inflammatory cells transport to the wall may contribute to the development of better 
therapies or interventional practices to treat patients with atherosclerotic diseases.  
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1. Synopsis  
 
Chapter 1 & 2 is a general introduction that intends to briefly introduce the pathology 
of atherosclerosis as well as some concepts of hemodynamics relevant to this thesis. 
 
In chapter 3, we present an innovative ultrasound imaging technique which allows 
secondary flows visualisation and an evaluation of vascular flow residence time.  This 
chapter raises the importance of arterial geometry on the local flow patterns and 
distribution of biomechanical forces. This contrast based approach was investigated in-
vitro in several different arterial phantoms as well as in-vivo on a rabbit model.   
 
In the chapter 4, in-vitro parallel plate flow chambers are used to investigate the  
inflammatory response of ECs to two different shear levels, mimicking normal and 
atherogenic arterial flow conditions.  Pro-inflammatory transcription factor NF-kB 
signalling pathway has been chosen to study the response to the different 
hemodynamic patterns. The direct effect of shear and nitric oxide are separately 
investigated using in-vitro experiments coupled to simulations of system biology 
models of the signalling pathway. 
This chapter emphasises on the role of shear stress on the regulation of inflammation in 
ECs.  
 
In the chapter 5, we are investigating a technique to produce synthetic in-vitro 3D 
models of arterial geometry coated with ECs. Realistic arterial model may bring 
better insights on the biomechanical regulation of endothelial cell function in complex 
flow fields.   
Comparison of in-vivo histopathological data with an in-vitro perfusion study using ECs 
coated phantom mimicking the same geometry could be interesting for studying the 
respective contribution of systemic, local and probabilistic effect of biomechanical 
factors on atheromaous plaque development and morphology. 
 
 
Chapter 6 is a general discussion on the thesis and some propositions for future work 
are discussed. 
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Chapter 1. Introduction Atherosclerosis 
 
 
Atherosclerosis is the disease underlying most forms of cardiovascular diseases (CVD). 
CVD are the No 1 cause of death in the western world, accounting for about 35% of 
all deaths (WHO). Unhealthier lifestyle with fattier diet and lack of exercise 
nowadays makes CVD an increasing healthcare problem worldwide. 
Accurate screening of atherosclerosis is difficult with current imaging technique and the 
disease remains often asymptomatic and undetected until a first acute event occurs 
(myocardial infarction or stroke). Nowadays, the World Heath Organisation estimates 
that CVD are accounting for 1/3 of all deaths in the world. In comparison, all cancers 
together accounted for only 13%. (WHO) 
Discovery of anti-cholesterol statin drugs in the 90s contributed to significantly reduce 
the risk of adverse cardiac event or stroke when used in patients. Nowadays people in 
western countries presenting risk of developing advanced atherosclerosis lesions are 
usually treated first with statins. Despite this efficient drug-treatment, the number of 
people with CVD that must undergo an intervention is still rising in the UK. (British 
Cardiovascular Intervention Society) 
By-pass surgery or angioplasty improves the patient symptoms but these do not cure 
the underlying disease and therefore, patients often undergo later re- intervention. 
From patients and clinicians perspective, there is still today a great need for better 
treatments. 
Despite the tremendous amount of research from clinical, biological or engineering 
field, the exact mechanism of atherosclerosis initiation and progression still remains 
unknown (Davies 1995; Malek, Alper et al. 1999).  Recent progresses in the field of 
genetic and molecular biology such as high throughput micro-arrays chips or 
genetically engineered animals have contributed to significantly increase the amount 
of available data on the biology behind the disease process. To handle these changes, 
new approaches such as bioinformatics, systems biology or multi scale modelling, etc 
are now emerging.   
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Time course of the disease 
 
Atherosclerosis is a progressive cardiovascular disease characterised by an 
inflammation and the accumulation of macrophages and lipids in the walls of large 
arteries. (Ross 1993; Kinlay, Libby et al. 2001; Hansson 2006) Early atherosclerosis 
takes the form of fatty streaks, which can be found already in newborn. They consist 
of small aggregations of lipids and macrophages in the intimal layer of the vessel 
wall.  (Ross 1999; Kinlay, Libby et al. 2001; Libby 2002) 
It usually takes decades for those early lesions to develop into intermediate or 
advanced lesions. (Figure 1) Reduction in the lumen diameter, stenosis, is the most 
common morphological feature of advanced atherosclerosis plaque. Although 
controversial, % of lumen reduction is a common criterion used by clinicians in assessing 
the severity of a plaque and to decide of an intervention. (Stary, Chandler et al. 
1995; Wilson 1996) 
 
The genetic and physiological process leading to atherosclerosis are highly complex 
and have only been partially understood, however, several risk factors have been 
recognised to increase the risk and the rate of atherosclerosis progression. Excessive 
amounts of low-density lipoproteins (also referred sometimes as “bad cholesterol”) in 
the blood is one of the major risk. Diabetes, Smoking, Hypertension and genetic 
background are also well known risk factors. (Ross 1999; Cunningham and Gotlieb 
2004)  
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Figure 1_ Time course of atherosclerosis progression. Risk factors affect the rate of progression but 
also the number and severity of the lesions. Atherosclerosis lesions can remain clinically silent and 
untreated until a severe acute event by plaque haemorrhage and thrombosis. 
(from http://scienceblogs.com/denialism/images/atherosclerosis) 
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Stable and vulnerable lesions 
 
Histological sections taken from patients with atherosclerosis provide evidences that 
the morphology of advanced lesions can be drastically different in a single individual. 
(Figure 2)  Several papers proposed different methodology of classification of 
atherosclerotic lesion based on luminal narrowing and morphology, the most accepted 
classification is the one established by the American Heart Association (Stary, 
Chandler et al. 1995). In summary, advanced atherosclerotic lesions can be mainly 
separated into two categories: 
 
Fibrous cap atheroma or Thin cap fibroatheroma (TCFA): an inflamed thin fibrous 
cap infiltrated by macrophages and lymphocytes is overlying a soft and lipid rich 
necrotic core. (AHA, VIRMANI ATVB 2000) TCFA are also called “vulnerable” plaque 
because the cap is vulnerable to rupture. Plaque rupture may expose thrombogenic 
lipid and plaque component to the flowing blood, inducing a risk of sudden thrombus 
formation which can provoke a fatal infarct, stroke or embolism.   
 
Fibrotic lesion, a collagen rich plaque producing a significant luminal stenosis with an 
area of calcification and few inflammatory cells. Those lesions are often referred as 
“stable” lesion because although stenotic, they usually do not contain a thin inflamed 
cap vulnerable to rupture. (AHA) 
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Figure 2_ Plaque heterogeneity within a given patient. Cross section of a coronary artery cut just 
distal to a bifurcation. The atherosclerotic plaque to the left (circumflex branch) is fibrotic and partly 
calcified, whereas the plaque to the right (marginal branch) is lipid-rich with a nonoccluding 
thrombus superimposed. (Adapted from Falk) 
 
 
 
Localisation of the disease 
 
Since the early investigations on atherosclerosis, it has been observed that 
atherosclerotic plaques do not develop in a random distribution. In particular, curved 
and branching segments were identified as preferential site for the disease (Figure 3), 
(Willis 1954; Caro, Fitz-Gerald et al. 1969; Fry 1969); for review see (Caro 2009).   
Systemic risk factors such as hypertension, smoking, diabetes or hyperlipidemia can not 
explain such focal distribution of plaques and it was suggested that local flow pattern 
and in particular the frictional force generated by the blood flow (shear stress) could 
be a local factor influencing plaque development. Fry and other (Fry 1969) suggested 
that high shear could induce atherosclerosis by a “response to injury” of the 
endothelium. The hypothesis was that high shear induces a denudation of the 
endothelium that triggers an inflammatory response and lipid uptake. (Ross 1977) 
Caro and co-workers (Caro, Fitz-Gerald et al. 1969) demonstrated that 
atherosclerosis plaques actually develop on the inner wall of curved vessel and 
bifurcation, co-localising not with high shear but with regions of low shear stress. Since 
then, numerous works coupling plaque histology with flow imaging or flow 
reconstruction by computational fluid dynamics confirmed the correlation with low wall 
shear. Nowadays, a widely accepted consensus is that sites that are more at risk of 
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plaque formation co-localise with low and oscillating wall shear stresses. (for review 
see (Berger 2000; Steinman 2003; Wentzel, Gijsen et al. 2003; Cunningham and 
Gotlieb 2004; Chatzizisis, Coskun et al. 2007; Caro 2009)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3_ Predominant sites for atherosclerosis plaques (from DeBakey et al. 1985) 
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Atheroscleoris: an inflammatory disease  
 
 Atherosclerosis is nowadays considered as a lipid-driven inflammatory disease. (Ross 
1999; Libby 2002). Studies demonstrated that inhibition of the immune response, 
without changing cholesterol level in blood, could reduce plaque size. (Hansson 2005). 
The inflammatory response underlying atherosclerosis is triggered by the accumulation 
of LDL in the arterial wall followed by their oxidation (Ross 1999). As a next step, the 
the endothelium becomes activated and starts to express a series of signalling and 
endothelial cell adhesion molecules that induce leukocytes recruitment by rolling-
tethering. (Figure 4) Cytokines and chemokines such as monocyte chemoattractant 
protein-1 (MCP-1) or Interleukin-1 (IL-1), E and P-selectins are expressed by inflamed 
endothelium and contribute to the activation and capture of circulating leukocytes. 
Expression of adhesion molecules such as Intracellular cell adhesion molecule-1 (ICAM-
1) and vascular cell adhesion molecule-1 (VCAM-1) favour leukocytes adhesion on the 
endothelium surface. Other modifications of the endothelium in inflammatory response 
include an increase in the intercellular permeability which facilitates leukocytes 
transmigration, but also increases the permeability to other blood constituent including 
lipids LDL. (Ross 1999) 
 
Combination of leukocytes and T-cells infiltration in the intima with the oxidised LDL 
present leads to lipid rich macrophages accumulation in the intima. Proliferating 
macrophages and continuous LDL infiltration produce a chronic inflammatory state 
which is considered to be the key mechanism in the progression of the atherosclerotic 
lesion. (Libby 2002) 
 
 
People can remain completely exempt of plaques all their life and atherogenic flow 
pattern is not sufficient to induce plaque formation by itself. Low or disturbed flow 
pattern appears rather as a local additional risk factor than a triggering factor for 
the disease. (Figure 4, (Cunningham and Gotlieb 2004).  Two different regions with 
similar flow pattern and wall shear value may not produce systematically similar 
plaque morphology and plaques distribution may not be fully predictable upon flow 
pattern. (Cheng, Tempel et al. 2006; Chatzizisis, Jonas et al. 2008) 
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Figure 4_Inflammation in atherosclerosis. A: Leukocytes adhesion cascade: Signalling proteins  
leading to tethering and rolling of circulating leukocytes and their infiltration into the sub- 
endothelial layer (adapted from Dr D. Vestweber, mpi-muenster.mpg.de)  
B: Local low wall shear and disturbed flow promotes inflammation leading to a local  increase in 
risk factor for atherosclerotic plaques development. (adapted from (Cunningham and Gotlieb 2004) 
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Flow and Plaque Morphology 
 
The process underlying plaque progression remains also only partially understood. It is 
still unclear how plaques get different morphology and the question remains a subject 
of debates. 
Lesions morphology appears to be to some extent related to the patient specific risk 
factors (Stary, Chandler et al. 1995), however, different plaques types are usually 
found within a single individual, sometimes adjacent to each other (Fig.2, (Falk, Shah et 
al. 1995)) 
It has been suggested that plaques could develop first into inflamed and vulnerable 
lesion before stabilising into fibrotic plaque. (Pasterkamp, Schoneveld et al. 1998; 
Burke, Kolodgie et al. 2002). It is hard to get a full understanding of the natural 
history of ruptured plaques as most of the studies are based on histological data which 
provide only a post-mortem snapshot of the lesion, without the full history of the 
plaque.  
Other recent evidences, mainly based on animal study suggested that plaque 
composition, in particular the degree of inflammation, may be determined by the local 
hemodynamic environment. (Cheng, Tempel et al. 2006; Chatzizisis, Jonas et al. 2008) 
As the plaque progresses into the lumen, the local flow gets modified by the plaque. 
This may also affect plaque composition along the plaque as the upstream part of a 
plaque is exposed to higher lever of shear and the downstream is exposed to low and 
oscillatory flow.  (Pasterkamp, Schoneveld et al. 1998; Slager, Wentzel et al. 2005; 
Cheng, Tempel et al. 2006) 
 
Remodelling  
 
Arteries adjust to local flow asymmetries in order to maintain the lumen dimension 
optimal for the blood flow; shear stress and blood pressure appear to be the most 
important parameters in this regulation. It has been noticed that the dimension of 
arterial diameter through the arterial tree seems to maintain a value of the wall shear 
stress nearly constant around 15 dyn/cm2. (Malek, Alper et al. 1999) 
When an organ needs additional blood perfusion such as during exercise, arterial 
diameter is temporarily increased by vasodilatation. Vasodilatation is however a 
transient short term process. There are also long terms, irreversible forms of vessel 
adaptation caused by blood flow: Intimal thickening is a form of arterial remodelling 
characterised by a thickening of the intima layer that co localises with future 
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atherosclerosis localisation and can be found already in newborn vessels. Glagov and 
co-workers (Glagov, Bassiouny et al. 1997) showed also that in advanced 
atherosclerosis, as the lesion progresses and protrudes into the lumen, the artery 
remodels itself in order to maintain blood flow and lumen diameter constant. (Figure 5)  
 
 
 
 
Figure 5_ The Glagov principle: As atherosclerosis progresses, the artery remodels outward to 
maintain the luminal diameter and blood flow constant. 
 
 
Molecular Mechanism of Mechanotransduction 
 
Experimental evidences have proven that endothelial cells can sense mechanical forces 
from blood flow. They adapt to different flow conditions by altering their physiology 
and gene expression. (for review see (Davies 1995; Gimbrone 1999; Malek, Alper et 
al. 1999; Ross 1999; Chatzizisis, Coskun et al. 2007). The role of endothelial shear 
stress on the pathophysiology of atherosclerosis is summarised in Fig. 6. When the 
endothelium is exposed to a low or disturbed shear stress, pro-atherosclerosis genes 
and proteins are expressed. This promotes the uptake of low density lipoprotein 
cholesterol (LDL) and an inflammatory cascade that ultimately lead to the 
atherosclerotic lesion.  
On the opposite, normal arterial shear stress prevents inflammatory activation, 
endothelial apoptosis and proliferation. This is partly due to the fact that WSS 
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regulates eNOS, the enzyme producing the vasodilator nitric oxide, as well as several 
antioxidants and anti-thrombogenic enzymes.  
 
Several mechanotransducers have been hypothetised to explain the transduction of 
meachnical stimuli into biochemical responses.  Hemodynamical forces are sensed by 
direct stretching of the endothelial cell cytoskeleton (Davies 1995) and luminal plasma 
membrane glycoproteins (glycocalyx) coupled to receptors such as ions channels, 
Integrins, G-protein (Davies 1995; Traub and Berk 1998; Lehoux, Castier et al. 2006; 
Chien 2007). Changes in intracellular calcium concentration and in these receptors  
trigger a series of intracellular signalling mediated by proteins kinases and other 
secondary messenger and ultimately leading to changes in gene transcription. (Davies 
1995; Traub and Berk 1998; Malek, Jiang et al. 1999) In-vitro flow chambers allow 
study of endothelial cells response to controlled changes in flow environments. Using 
these techniques, thousands of genes and proteins have been shown to actually be 
regulated by shear stress.  (Resnick and Gimbrone 1995; Chien 1998; Bao, Lu et al. 
1999; Nagel, Resnick et al. 1999; Bao, Clark et al. 2000)  
Induction of atherosclerosis in animals by cholesterol feeding has produced model of 
plaque development over only couple of weeks. Mapping and alteration of blood 
flow patterns in those animals have also brought new insights on flow related 
atherosclerosis initiation and progression. (Cheng, van Haperen et al. 2005; Won, Zhu 
et al. 2007)   
 
Understanding the cellular mechanism of flow sensing and how it can modulate the 
inflammatory response of the vessel to lipids and injury has become a major focus in 
cardiovascular research. More review of ECs mechanotransduction and its relation 
between mechanical factor and atherosclerosis is given in chapter 4. (for review on the 
mechanotransduction of endothelial shear stress and its role in atherosclerosis, see 
(Chien 1998; Malek, Alper et al. 1999; Cunningham and Gotlieb 2004). 
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Figure 6_ Mechanotransduction of atheroprotective and atherogenic flow in atherosclerosis from 
(Malek, Alper et al. 1999) 
 
 
 
 
 
Mass transport in mechnotransduction 
 
Today, Atherosclerosis is considered an inflammatory response of the arterial wall to 
lipids. Furthermore, the endothelium is in dysfunctional state caused by disturbed blood 
flow and exposure to risk factors (Ross 1999; Cunningham and Gotlieb 2004). 
However, the transduction of blood flow environment into biochemical cascade remains 
not fully understood and is still an active field of research today.  
Caro and co-workers suggested in the 70’s a possible mass-transfer mechanism in 
which the normal blood-wall transport of nutrient and in particular oxygen is impaired 
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by the stagnating or recirculating blood flow in the low-shear area. (Caro, Fitz-Gerald 
et al. 1971) 
Simulations showed that oxygen distribution on the arterial wall can be actually 
significantly reduced in area of stagnating blood flow, co-localising with 
atherosclerosis initiation (Qiu 2000; Kaazempur-Mofrad 2001; Ethier 2002; Tarbell 
2003; Coppola 2008). Impaired transports of other species such as LDL (Sebkhi 1994; 
Wada 2002), ATP (Nollert, Diamond et al. 1991; David 2003; Comerford 2008) or 
Nitric oxide (Vaughn 1998; Buerk 2001; Davies 2005) have also been suggested to 
account in the flow dependant localisation of the disease.  A review of mass transport 
mechanism involved flow transduction and atherosclerosis has been presented by 
Tarbell. (Tarbell 2003) 
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Chapter 2. Introduction to Hemodynamics 
 
 
 
In this section, we present some important concept of fluid mechanics that are used in 
cardiovascular research. The reader should realise that such concepts give a 
description of arterial flow based on idealised conditions with simplistic assumptions 
which describe only partially the reality of arterial flow in-vivo. More detailed review 
can be found in biomechanics textbook. (Nichols 1990)  
 
Hemodynamics principles  
 
Reynolds number 
The principles of fluid mechanics are described by the Navier-Stokes equations: a 
series of partial differential equation which represent the conservation of momentum, 
mass and energy acting on each infinitesimal region of the fluid.  The flow is said 
laminar, in contrasts with turbulent flow, when a solution to the Navier-Stokes equations 
exists and the flow paths can be predicted.  
The Reynolds number was introduced to discriminate between laminar and turbulent 
flow regime. It can be thought as a ratio of the inertial to the viscous forces acting on 
the fluid. (Parker 1993) 
µ
ρUd
=Re  
 
Where ρ is the fluid density in kg.m-3, U is the mean velocity in m.s-1 , d is the 
characteristic length in m (in our case the artery diameter) , µ is the viscosity of the 
fluid in Nsm-2  . Reynolds numbers in the circulation vary from around several thousands 
in the aortic arch to less 1 for the smaller arterioles. Turbulent regime starts with Re > 
2000 so flow in the arteries can be considered laminar under normal conditions.  
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Poiseuille flow 
In a pipe, the geometry and flow rate determine the flow profiles. For the simple case 
of a straight tube, the flow develops in a parabolic velocity profile called Poiseuille 
flow.  
 
Figure 7_ Development of laminar Poiseuille flow: when the flow enters the pipe, the no-slip 
condition at the wall creates a gradient in velocity that progressively develops in a parabolic 
profile (courtesy KH Parker (Parker 1993)) 
 
As illustrated in Figure 7, an entry length, given by L= 0.04 d Re, is required before 
the flow is fully developed. In fact, for the large arteries, due to the numerous 
branching of the arteries and the pulsatile manner the blood is flowing, the flow is 
actually never fully developed. In smaller vessels like arterioles and capillaries, the 
Reynolds number is much lower and the flow can be considered developed.   
 
 
Wall shear stress 
 
The frictional force that the blood exerts on the wall or wall shear stress is dependant 
on the velocity profile near the wall: 
3
r
Q
⋅
=
pi
µ
τ
4
 
Where τ is the shear stress (expressed in dynes/cm2), du/dr is the velocity gradient 
near the wall called also shear rate and µ the blood viscosity. 
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In the case of a developed Poiseuille flow, the velocity gradient can be retrieved from 
the parabolic velocity profile and wall shear stress is given by the Hagen-Poiseuille 
equation: 
3
r
Q
⋅
=
pi
µ
τ
4
 
 
T is the wall shear stress (in dyn/cm2), u is the viscosity (P), Q is the flow rate (mL/s), 
and r is the radius (cm).  
 
This formula is based on the assumption of a fully developed parabolic flow, which 
actually never occurs In large artery. This formula is however commonly used to give 
an approximation of the shear stress value based on flow rate and arterial diameter.  
Regions susceptible to develop atherosclerosis have shear stress values in the range of 
+/- 4 dyne/cm2 . Normal arterial shear, protecting from the disease has normally 
values greater than 10 dyne/cm2. (Malek, Alper et al. 1999) 
 
 
Dean flow in curved artery and bifurcation  
 
As first described by Dean (Dean 1928), as a Poiseuille flow enters a bend, the faster 
part of the fluid which was at the centre of the pipe moves toward the outer wall of 
the bend. The pressure on the outer wall becomes larger than in the inside wall and to 
preserve continuity with the asymmetric velocity profile, the flow paths divide to return 
to the inner wall. In cross-sectional view, this means that a secondary component of the 
flow consisting in a pair of counter rotating vortices appears on top of the axial flow.  
(Figure 8) 
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Figure 8_ Dean flow in curved geometry, secondary flow are generated to preserve continuity with 
the asymmetric velocity profile.   
 
 
Similar to the Reynolds number for straight segment, the Dean number is a non-
dimensional parameter that describes the flow profile in a bend: 
 
Re
R
aDe =  
 
Where Re is the Reynolds number, a is the radius of the tube and R the radius of 
curvature of the bend. De quantifies the amount of centrifugal force acting on the 
fluid.  In the circulation, De varies from nearly zero in approximately straight arteries 
to order of hundreds in highly curved portions such as the aortic arch. (Wood 1999). 
High De means high secondary velocity and for very high De, flow separation may 
happen with one part flowing fast on the outer wall and the other recirculating near 
the inner wall. 
 
Bifurcation 
 
When flow enters a bifurcation, the fluid has to divide from the mother vessel into the 
two daughter vessels. The faster moving fluid in the centre of the parent vessel is found 
next to the wall of the daughter vessels. This leads to a non-symmetric flow profile in 
the two daughter vessels and the consequent secondary flow similar as the Dean flow 
described in a curved vessel. 
r
u
∂
∂
Low shear
High shear
Low shear
High shear
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Pulsatile flow 
 
So far, only steady flows have been described. Pulsatility affects flow pattern 
significantly. To describe unsteady flows, another non-dimensional parameter can be 
used: the Womersley number α. It describes the ratio of unsteady to viscous forces: 
 
 
 
Where R is the radius, ω is the angular frequency of the oscillations 
ρ is the density of the fluid, µ is the dynamic viscosity of the fluid 
 
If α is sufficiently small, such as in arterioles, flow may be considered quasi steady. 
When α is large (10 or more), the frequency of pulsations has a large effect over the 
viscous force and the velocity profile becomes more blunt. 
 
Hemodynamic in practice 
 
Blood is often considered a Newtonian fluid (constant viscosity), however because of 
the presence of red blood cells, blood viscosity changes with shear rate so blood is in 
effect a non Newtonian fluid. (Nichols 1990) Another assumption is that arterial flow is 
similar to Poiseuille flow: In the arteries, the entry length represents several arterial 
diameters and flow never gets actually fully developed within a cardiac cycle.  
(Nichols 1990) 
It is actually not easy in practice to determine accurately arterial flow pattern and 
resultant wall shear stress. Computational Fluid Simulations have been often used to 
reconstruct arterial blood flow. Those models assume most of the time a steady flow 
with a rigid wall and a no-slip condition at the wall boundary which may not be true 
in-vivo and such assumptions may affect results.  Newer techniques applying fluid-
structure interaction are currently under study.  
 
 
 
INTRODUCTION 
 
27 
 
 
Mass transport through the circulation 
 
Convection and diffusion 
 
The main function of the circulation of the blood is to transport nutrient and heat to 
tissues. and remove waste products away from the tissue. Mass transfer is concerned 
with the transport of nutrients through the circulation and their exchange through the 
vessel wall. 
 
Molecules present in a solution tend to homogenise their concentration by diffusion: 
any difference in concentration for a particular material will result in a flux of this 
material from the high to the low concentrated region. The flux depends on the 
magnitude of the difference in concentration and how the material can progress in the 
medium, ie its diffusion coefficient.  
 
Convective transfer refers to the transport due to the convection of solutes in the flow 
stream. Convection is a much faster transport process compared with diffusion. The 
effect of diffusion is negligible in the circulation.  For exemple, the diffusion coefficient 
of oxygen is on the order of 10-5-10-7 cm2/s (Macdougall and McCabe 1967) this 
mean that it takes within 3 to 300 hrs for oxygen to diffuse over 1 cm of blood or 
tissue.   
 
In summary, convection and diffusion are the two mechnanisms of transport in the 
body. While convection through circulation transports solutes between tissues, at a 
cellular level, where distances are much smaller, diffusion is the main mechanism of 
transport of molecules  
 
Transport through the arterial wall 
 
The arterial wall is permeable and it is supplied by nutrients directly from the blood. 
When the vessel wall is too large and diffusion distances become large, the arteries 
possess a network of vessels: the vaso vasorum that ensure blood supply to the 
peripheral layers of the vessel.  
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When an element is absorbed by the wall at a certain rate (measured by Damkholer 
number Da), the concentration of this element in the near wall area will depend on the 
rate from convection-diffusion to replace this element (measured by the Sherwood 
number Sh). The ratio of these two quantities determines the concentration of the 
element at the wall. (Tarbell 2003) When the transport by convection-diffusion from 
the blood is lower than the intake through the wall, transport is then said to be flow 
limited and the concentration of the element is decreased near the wall. A growing 
layer of blood lacking the element develops along the wall (mass transfer boundary 
layer) (Tarbell 2003) 
  
Kc is the overall mass transfer coefficient, L is the characteristic length and D is the 
component diffusion coefficient. 
 
Large molecules such as LDL are thought not to be limited in transport by blood flow 
but usually by wall permeability (Sh>>Da). Smaller molecules such as oxygen and 
nitric oxide may be on the opposite limited by flow (Sh~Da) (Qiu 2000; Tarbell 
2003).   
 
In addition shear stress has been shown to have an influence on surface glycoproteins 
structure and permeability of the endothelium which may create discrepancies in mass 
transport through the endothelium between high and low shear area. (Caro, Fitz-
Gerald et al. 1971; Kajimura 1997; Qiu 2000; Weinbaum 2003) In some cases of 
small molecules such as oxygen, Sh can be greatly reduced in the stagnating point 
associated with the flow separation. Similarly, in a curved geometry, the secondary 
flow induces a reduction in Sh at the inner curvature. (Ethier 2002; Coppola 2008) 
 
 
It is largely agreed that arterial diseases develop preferably in regions of low wall 
shear stress. It is however still discussed whether it is the direct effect of low WSS on 
the endothelium or its indirect effect by impairing mass-transport which contributes to 
the disease initiation. (Ethier 2002; Tarbell 2003; Coppola 2008) 
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Figure 9_ Blood flow in the carotid bifurcation. Recirculation and secondary flows in the carotid bulb 
produce focal stenosic lesions collocalising with areas of low shear stress. From Bharadvaj, Giddens. J. 
Biomechanics 1982: 349–362 (Bharadvaj, Mabon et al. 1982) 
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Abstract 
 
The influence of arterial geometry on blood flow induces a preferential localisation of 
arterial disease in arteries, co-localising with areas of low and oscillating wall shear 
stress. 
 
Dispersion of a bolus of ultrasound contrast agent (0.1ml Sonovue, Bracco Diagnostics, 
US) was studied in several realistic arterial model geometries. Both steady and 
pulsatile flows were tested in the models, mimicking physiological flow conditions 
(Reynolds nb ranged from 65 to 400 and Dean nb from 0 to 100). The passage of 
the bolus was recorded using a Sonic RP 500 research scanner (Ultrasonix Medical 
Corporation) with an L-14 probe. The relative concentration-time curve of the bolus 
dispersion was retrieved by post processing the measurement of the contrast 
dispersion. Analysis of the contrast dispersion in specified region of interest was shown 
to provide an estimation of the local wall shear stress pattern as well as mixing 
properties between the injection and the measurement site. 
 
In vitro experimental results in a curved artery model revealed the secondary flows in 
the velocity profile causing a difference in local shear stress between the inner and 
outer wall of the bend. Stagnation areas could be identified and the residence time of 
the bolus was by several orders (>10x) longer near the inner wall of the bend of the 
bend compared to the outer wall.  Further measurements using pulsatile flow 
suggested that pulsatility reduces flow stagnation, particularly in a non-planar curved 
arterial model. Finally, the method was successfully validated in-vivo on a rabbit. 
 
The technique proposed in this study could be employed in vascular research to detect 
blood recirculation and to image areas of stagnating blood which are associated with 
low wall shear stresses and higher risk of arterial disease. 
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Motivation 
 
 
Blood flow imaging is central in cardiovascular research and clinical practice. Contrast 
enhancement is nowadays a common tool and contrast agents have been developed 
with all types of imaging techniques: for examples X-ray opaque solutions are used in 
Computerised Tomography Angiography, magnetic nanoparticules with MRI and gas-
filled microbubbles are used with Ultrasound.    
Commonly, a bolus of contrast indicator is injected either intravenously or directly in 
the artery. The indicator increases blood contrast which facilitates the visualisation of 
the vasculature and the evaluation of blood perfusion to the tissue. During 
percutaneous interventions, X-ray contrast agent injection is performed through a 
diagnostic catheter. This practice has now become the gold standard for measuring 
success of revascularisation procedures. (Smith, Dove et al. 2001) 
 
3.1. Background 
 
 
Indicator dispersion curve in cardiovascular application has been a subject of study for 
more than a century. Stewart first introduced a method of measuring the cardiac 
output from mean blood transit times. (Stewart 1897) Kety proposed the use the 
clearance of radioisotopes to measure blood flow supplying an organ  (Kety 1949); a 
similar approach was described later by Zierler and co-workers (Meier 1954; Zierler 
1965).   
 
The method involves the injection of boluses of indicator in the blood stream and the 
monitoring of its appearance as a function of time. The shape of the concentration of 
the indicator versus time at the measurement point gives an indication of the flow rate 
and the mixing property between the injection and measurement location. This can be 
used, for example, to detect cardiac regurgitation. (Bate, Rowlands et al. 1973) 
The principles of bolus dispersion in an established laminar flow have been studied 
theoretically by Taylor (Taylor 1953), Kety (Kety 1949) and Zierler (Zierler 1965). 
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Taylor demonstrated that the distribution of velocity of a bolus introduced in a 
Poiseuille flow stays symmetrical around a point which moves with the mean speed of 
the flow. (Taylor 1953) The effect of the dispersion by a fully developed Poiseuille 
flow can be interpreted as an additional component of the diffusivity in the 
longitudinal direction and the profile of concentration along the tube provides 
effectively a method of measuring diffusion coefficients. Other theoretical and 
experimental studies by Caro and Lighthill expanded on Taylor work to include 
additional effects such as pulsation and curvature in the tube, mimicking closer arterial 
flow (Caro 1966).  
 
Caro investigated the dispersion of a bolus of dye in straight and curved models of 
arteries. The analytical solution of the concentration-time distribution of a bolus 
injected in a fully developed Poiseuille flow has been described by Caro and Lighthill. 
(Caro 1966): 
 
 
 
 
Figure 10. Dispersion of a bolus of indicator in a pipe of radius a in a Poiseuille flow. A bolus 
injected at t0 in the laminar Poiseuille flow gets dispersed into a parabolic profile. An analytical 
solution was derived to determine the concentration of indicator monitored at a distance l 
downstream of the injection site in function of time.  From Caro (Caro 1966) 
 
 
A bolus injected in a Poiseuille flow disperses into a parabolic profile as shown on 
figure 10. The concentration-time profiles of a bolus of dye measured by a probe 
situated at a distance l downstream of the injection site follows a rectangular 
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hyperbole, the parameters of the hyperbole depend on the longitudinal dimension of 
the bolus h, the location of the measurement site and the volume measured.  
 
In a Poiseuille flow the distribution of velocity is given by ( )224/ raPU −= µ  where P 
is the pressure gradient/unit length of the tube, µ the viscosity of the fluid and a, the 
radius of the pipe. Caro showed that the concentration of the indicator at a given time 
t is related to the volume of dye measured, (ie the annulus of indicator with a radius r) 
( ) ( )2221 )()( trtrtc −=   which is given by. : 
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Q is the flow rate inside the pipe, h the thickness of the bolus and l the distance 
between the injection and the measurement site.  
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Figure 11_ Calculated dispersion curve over time of a bolus injected in a Poiseuille flow at t=0. The 
measured concentration reached a peak at the arrival of the fast moving part of the bolus located in 
the centre of the pipe. Concentration then decreased with time following a curve h/Kt where K is a 
flow rate dependent parameter. 
 
 
The time at which the indicator concentration reached k of its maximal value (at tmax) is 
given by:  
222max .
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If the k threshold selected is given for example 0.2, eg. 20% of the maximal value, 
then: 
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Given K and the shear determination by the Hagen-Poseuille equation:
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Therefore we have:  
τ
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This means that the difference in time between the maximal value of concentration and 
any time point along the tail of the dispersion curve remains inversely linear to the 
WSS: for example 50 %, 
τ
µ
⋅
+
=−
a
hl
tt %
)(2
max50  
 
In other terms, the clearance time of the bolus is inversely related to WSS.  
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3.2. Method 
 
We investigated using in-vitro arterial phantoms, the dispersion of boluses of 
ultrasound contrast material and compared with theoretical prediction. The method 
was further tested on an in-vivo rabbit model.  
 
Models 
 
We tested several realistic arterial models including straight, curved and a non-planar 
helical model.  Arterial models were realised using silicone tubing with 0.6mm 
(Coleparmer C-flex) or 0.8 mm Internal Diameter (Fisher platinium cured, Fisher 
Brand). To study the impact of arterial curvature on flow distributuion and dispersion 
of a contrast bolus, a model of a curved artery was realised using a half bend with a 
0.8mm ID tubing and a radius of curvature of 6 cm. The probe was positioned 
transversally in the mid-portion of the bend. (Figure 14) 
To mimic non-planar curved arteries,  a helical model was realised (Helix dimension: 
ID=0.8mm, Ar=2D, Pitch 16D) by having a silicon tube inserted in a cast made by 
moulding the geometry in a larger PVC tube (1.2mm ID, Fisher brand) A small window 
was cut in the cast to allow contact and transmission of the ultrasound signal directly to 
the silicon tubing (Fisher brand). (arrow, Figure 12)  
The models were fixed in their geometry with some clamps and held tightly using 
standing arms.  
 
 
 
Figure 12_Non-planar arterial model with helical geometry (Helix dimension: ID=0.8mm, Ar=2D, 
Pitch 16D), the geometry is made  with a silicon tube inserted in a PVC cast with a window to 
allow transmission of the US signal directly to the silicon tube (arrow) 
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To avoid any flow perturbations associated with tube junctions, we built our models 
with always a straight portion long enough to enable the flow to have a fully 
developed profile when entering the region of interest where the study was 
performed. (Given by the entry length equation, cf Introduction) 
 
Flow 
 
Both steady and pulsatile flows were investigated. For the steady flow experiments, a 
centrifugal pump (Eheim GmBH, universal pump, 10 lpm) pumped water from a 
reservoir tank, delivering a constant flow rate of 10 L/min into a circuit comprising a 
bifurcation with an adjustable resistance. A Rotameter (Cole Parmer UK) was used 
upstream of the test section to measure and to adjust the flow rate going through the 
phantom.  
 
A Harvard 1405 pulsatile pump with a positive piston displacement with adjustable 
stroke volume (0.05-10ml) and pulse frequency (20-200 strokes/min) was used to 
mimic pulsatility of arterial blood flow.  
 
In all in-vitro experiments, the flow was kept laminar with Reynolds number not 
exceeding 400. 
 
 
Ultrasound 
 
Boluses of ultrasound contrast agent (Sonovue, Bracco corp.) were injected in the test 
section with 0.4mm needles. Boluses were injected with the needle placed in the centre 
of the test section and the contrast was injected in the opposite direction of the flow in 
an effort to ensure good mixing and a uniform cross-sectional distribution of the 
contrast.  (a technique known as rapid retrograde injection, Figure 13). 
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Figure 13_ Retrograde injection of the microbubbles creates a compact bolus that eventually 
develop into a parabolic profile under Poiseuille flow. 
 
 
 
 
An ultrasound research scanner (Ultrasonix Sonix RP with a L14-5 transducer) was used 
to record the passage the boluses at a fixed location 14 cm downstream of the 
injection site. The scans were made in transverse section (Figure 14) with the following 
settings: Frequency 6.6 MHz, Depth 2.5 cm, FPS 74 Hz, Sector 50%, Gain 100%, 
Dynamic 105 dB and max Acoustic Power. 
 
 
 
Figure 14_ Ultrasound probe positioned transverse to a curved model for measuring the dispersion 
of the contrast agent boluses. 
 
 
 
Post Processing 
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Ultrasound scans of the boluses dispersion were transferred to a computer in AVI 
format and converted as image sequences using VirtualDub. The time course of the 
contrast passage was then retrieved by extracting the intensity of the ultrasound 
signal over time in a selected region of interest (Figure 15) or through the entire cross-
section using ImageJ (http://rsbweb.nih.gov/ij). 
 
 
 
 
 
 
 
Computational Fluid Dynamics  
 
A CFD simulation was realised using Comsol (COMSOL MULTIPHYSICS, US) to 
determine the flow profile in the curved model (Rc = 6 cm, ID = 0.8 cm). Briefly, a 
parabolic velocity profile with a Re = 260 was assumed as the inflow boundary 
condition. The model was solved using the FGMRES solver parameters. After 
convergence from a coarse mesh, the solution was stored and the mesh was refined in 
several steps to reach the final value of 43922 tetrahedral elements. 
Estimations of Wall shear stress in the straight sections from the transit time of the bolus 
were compared to analytical solution using the Hagen-Poiseuille equation (cf. 
Introduction).  
 
 
Rabbit study  
 
The procedure of this study complied with The Animals (Scientific Procedures) Act 1986 
and the Imperial College London local ethical review process. The procedure was 
handled by Dr. Anthony Hunt as follow:  A male New Zealand White rabbit (Harlan 
UK) aged approximately 11months, weighing 4.2kg, received premedication with 
hypnorm at a dose of 0.1ml/kg given by intramuscular injection and then was 
anaesthetised with sodium pentobarbitone given intravenously (via a marginal ear 
vein) at a dose of 35mg/kg; anaesthesia was maintained throughout the study. At the 
end of the study the rabbit underwent euthanasia by overdose with anaesthetic. 
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The anaesthetised rabbit was placed in a supine position, its abdomen was opened by 
midline laporotomy and the viscera were displaced laterally to allow access to the 
abdominal aorta.  The ultrasound probe was positioned over the abdominal aorta to 
allow recordings of blood flow within this region of the aorta.  The thorax was opened 
by midline thoracotomy; the pericardial sack was opened to allow access to the heart 
and the ascending aorta.  Contrast agent was administered by syringe via two routes 
on separate occasions during the study; the distance along the aorta between the 
injection site and the probe was set to approximately 13 +/-1 cm. The routes of 
administration were by a syringe needle i) inserted into the left cardiac ventricle or ii) 
inserted into the ascending aorta, using retrograde injection. The latest method was 
producing a better signal and was retained for data shown in this study. 
3.3. Results  
 
3.3.1. Straight  
 
The images on Figure 15 are characteristic ultrasound scans of a bolus flowing in the 
straight arterial model. We can recognise on the dispersion pattern of the bolus over 
time the effect of the parabolic distribution of velocity associated with the Poiseuille 
flow.  The bolus time-concentration profile measured by post-processing the ultrasound 
scan (Figure 16) shows a good agreement with the predicted curve from the theory.  
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Figure 15_ Representative ultrasound cross-sectional scans of the passage of a bolus in a straight 
model with steady flow condition (Re = 260). The contrast bolus was injected  14 cm upstream of 
the transducer plane. Because of the Poiseuille flow, the bolus dispersed with the fast moving part 
of the bolus located in the centre of the pipe and the slow moving part near the wall. 
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Figure 16_Concentration of contrast agent over time estimated from post-processing the measured 
ultrasound contrast intensity in the model cross-section over time. Comparison with the predicted 
curve for similar flow conditions. (normalised, in arb. Unit) 
 
 
On the dispersion curves obtained in the straight experiment, the intensity of the 
contrast was rising rapidly to a maxima before decreasing slowly, forming a tail in the 
time-intensity curve. (Figure 16). Such measurements were qualitatively comparable to 
the theoretical prediction. (Figure 11)  The peaks of the dispersion curve in the 
experimental study were flattened, probably due to the saturation of intensity 
response of the scanner when the bulk of the contrast flows through the region of 
interest.    
 
3.3.2. Curved arterial model  
 
 
A curved phantom was built to study the effect of the skewed distribution of velocity 
and the Dean vortices on the dispersion of the contrast material. The images on Figure 
8 are representative ultrasound scans of a bolus flowing in the curved arterial model. 
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A region on the inner wall of the model, protruding between the two Dean cells, is 
clearly free of agent in the first stage while the contrast inside the Dean vortices is 
cleared rapidly (within a few seconds for Re = 260). Slow moving unmixed flow on 
the inner wall of the curved model as well as along the line between the two vortices 
results in a long tail on the bolus dispersion curve as shown on Figures 17-18.   
 
Comparing specific regions of interest on the inner and outer wall of the bend, the 
transit time of the bolus measured near the inner wall is several time longer than on 
the outer wall. A representative experiment for Re = 260 is shown on Figure 18.  
 
 
Figure 17_ Representative ultrasound cross-sectional scans of the passage of a bolus in a curved 
arterial model with steady flow condition (Re = 260, De = 66). The contrast bolus was injected 14 
cm upstream of the transducer plane. We can see the effect of the Dean flow and the stagnation of 
the bolus induced on the inner wall of the bend and on the line between the vortices 
 
 
Time t0 t0 + 1.24 s t0 + 5.16 s 
t0 + 11.08 s t0 + 36.48 s
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Figure 18_Contrast intensity in region of interest near the inner and outer wall of the curved model 
(Re = 260, De = 66). Clearance of the bolus on the inner wall of the model takes several time 
(~10x) longer compared to the outer wall reflecting the asymmetric velocity profile induced by the 
bend. 
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Figure 19 is a comparison of the dispersion curve in a straight and curved model for 
the same flow rate. The stagnation induced by the curved model prolonged the length 
of the tail. rapidly inside the two vortices: slow moving contrast bubbles near the walls 
of the tube are transported to the centre of the tube which results in a average transit 
time about 10 x shorter near the outer wall of the tube.  
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Figure 19_ Comparison between the dispersion of the bolus in curved and straight arterial model 
for the same flow condition (Re=260, in arb. Unit). In the curved model, the stagnating flow 
induces a long tail that can be observed on the dispersion curve.  
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Figure 20_ Comparison of the dispersion curve of boluses in the curved arterial model with two 
different flow rate: 50 ml/min (Re= 130) and 100 ml/min (Re=260). 
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Figure 20 is a comparison of the dispersion curve in the curved model at different flow 
rates. By comparing the tails of the two experiments described in the figure, when the 
flow rate is decreased by half, the length of the tail is approximately doubled, in 
accordance with the prediction of the relation ship between shear and transit time 
described in the introduction.  
 
 
 
 
 
3.3.3. Non-planar model  
 
 
Figure 21 is representative scan of bolus dispersion in the Helical arterial phantom. 
The vortices and stagnation are still present but the two cells are not symmetrical as in 
the planar curved model. One cell occupies ¾ of the cross section, the other one being 
squeezed in the 4th quarter. There was an increasing effect of the torsion produced by 
the helical geometry on the secondary flow structure when increasing the flow rate as 
shown on Figure 23.  
 
 
        
 
Figure 21_ Bolus arrival (left) and stagnation line (right) in the Helical  model. We can see the 
profile of secondary flow with the asymmetrical  vortices. (Re=390, Ar=2D, Pitch 16D, 
measurement ¾ of a pitch after the helix start) 
 
 
 
Figure 22 is a representative view when the transducer was translated along the 
helical phantom. The scans revealed the rotation of the stagnation line and vortices 
axis along the helix centreline. 
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Figure 22_ The Dean pattern rotating along the helix centreline between two positions along the 
helix model. Comparison with the colour Doppler signal (on the right). Contrast injection method 
provides additional and more accurate details on the flow structure. 
 
 
 
    
 
Re = 65     Re = 130 
 
     
 
Re = 260           Re = 520 
 
Figure 23_ Secondary flow and stagnation line profile in the Helical phantom with a steady flow 
at various Reynolds number. The secondary flow profile evolves with increasing flow rate from 
almost symmetric vortices to a more asymmetric secondary flow profile. 
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3.3.4. Pulsatile Flow in a straight model 
 
To experiment closely physiological condition, the technique was experimented using 
pulsatile flow (Figure 24) A positive displacement piston pump was set with a 
frequency of 50 pulses/min. The stroke volume was either 1 or 2 ml, resulting in a 
mean Reynolds number of 130 or 260. 
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phantom (Re=260, 50 pulses/min x 2ml)
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Figure 24_ Comparison between the dispersion of the bolus in the straight arterial model for 
Re=130 on the top and Re=260, on the bottom.  (in arb. Unit). In such straight case, the normalised 
dispersion curve in a region of interest near the wall was comparable with the measurement over 
the entire cross-section.  
ULTRASOUND  
 49 
 
Transit time of a bolus of contrast agent in the straight 
arterial phantom (Re=260, 50 pulses/min x 2ml)
0
20
40
60
80
100
120
0 5 10 15 20
Time (s)
A
v
g.
 
u
ltr
as
o
u
n
d 
in
te
n
si
ty
steady
pulsatile
 
Figure 25_ Comparison of the dispersion of a bolus in the straight model with a flow rate of 50 
ml/min (Re= 130) with and without pulsatility. 
 
Figure 25 is a comparison of the dispersion curve in the straight phantom with Re = 
130 with and without pulsatility. The tail of the dispersion curve with pulsatile flow 
seems to return to its baseline more rapidly than in the steady case, suggesting that 
pulsatility may reduce the length of the tail by improved mixing of slow moving flow 
near the wall.   The pulsatile flow condition may also alter the dispersion of the bolus 
at the time of the injection.  
 
3.3.5. Pulsatile Flow in the curved phantom  
 
 
In this section are presented some results in the curved model with pulsatile flow.  
Figure 26 illustrates an experiment in the curved model with pulsatile flow, the Dean 
flow and the stagnant flow between the vortices is still present. Comparison of the 
steady and pulsatile dispersion curves of the bolus (Figure 27, representative exp.) 
shows that the pulsatility seems to slightly reduce the length of the tail similarly to what 
had been observed in the straight model experiments. 
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Figure 26_Dispersion of a bolus in the planar curved model with 50 pulses/min and a stroke 
volume of 1 ml (Re = 130). The stagnating flow remains on the inner wall and the line of the 
separation between the two vortices seems between the vortices seems relatively unaffected by the 
pulsatility of the flow. 
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Figure 27_Dispersion of a bolus in the curved model with and without pulsatility. Flow rate of 100 
ml/min (Re= 260) Pulsatility reduces the length of the tail suggesting that pulsatility may improve 
mixing of flow near the wall. 
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During our experimentation with the curved model, the bend was made non planar by 
translating the inlet and outlet of the model by 2cm  in the z-direction (see Figure 14), 
mimicking a portion of a helix.  The Dean vortices were considerably distorted at each 
cycle such as shown on Figure 28. In these experiments, a slight swept motion of the 
stagnating area could be observed from the ultrasound video recording.  From a 
qualitative observation of the bolus residence time, the bolus in the stagnation line 
appeared to be cleared much faster. Therefore our hypothesis was that a slight non-
planarity was sufficient to induce a rotation of the Dean vortices during the pulse 
cycle.  
 
 
         
 
         
 
Figure 28_Dispersion of a bolus in the curved arterial model bend with 50 pulses/min and a stroke 
volume of 1 ml (Re = 130). When a slight non-planarity (On Figure 14, a difference of ~2 cm was 
added between the inlet and outlet of the bend in the z-direction) is added to the model, the axis of 
the separation between the two cells appears to slightly rotate during the cycle. 
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After the first pulse (Figure 28, top row), no contrast is present in the areas of high 
velocity in the Dean vortices. We can see that during the second pulse, contrast 
medium is brought from the stagnation region toward the core of the Dean cells 
(bottom row). Pulsatile flow and non-planarity might therefore act together to increase 
significantly mixing by varying the size of the vortices. (See Discussion) 
 
As described in the introduction, the spread of the bolus transit time is related to the 
distribution of velocity in the selected regions of interest. Looking at regions of interest 
near the inner and outer wall of the model, the discrepancy in the bolus transit time 
that was observed in the steady case (Figure 18) is much reduced when pulsatility is 
introduced (see representative experiment on Figure29). From the correlation between 
transit time and wall shear stress, it suggests that the introduction of the pulsatility may 
have reduced the difference in shear stress between the inner and outer wall of the 
bend.  
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Figure 29_In the Pulsatile experiment, the curve for regions of interest near the inner and outer wall 
of the bend seems to return to their baseline value quicker than with the steady flow . This suggest 
that Pulsatile flow may improve mixing of the blood flow across  the vessel section which reduce 
the area and degree of stagnant flow associated with low wall shear stress. 
 
 
3.3.6. Pulsatile Flow in the helical phantom  
 
Figure 30 represents the time-concentration curve of the bolus dispersion in the helical 
model with a steady and Pulsatile flow. Figure 31 is a representative view of the 
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passage of the bolus in the model; the secondary flow profile appears much more 
complex and is considerably distorted within the pulse. In a non planar geometry 
under pulsatile flow, the size of the two vortices is varying through the cycle. Such 
effect was predicted in some theoretical study. (Zabielski 2000; Zabielski 2002) 
A stagnation line is still present with a swept motion at each cycle, similarly to what 
was observed in the curved model. This may cause a faster clearance of the bolus and 
reduce the length of the tail in the dispersion curve .  
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Figure 30_Dispersion of a bolus in the non-planar helical model with steady flow (on the top) and 
Pulsatile flow. (Re= 260, 50 pulses x 2 ml/min). Similarly to the curved model, Pulsatility in the 
ULTRASOUND  
 54 
helical model reduce the length of the tail from over 30 sec to less than 10 sec suggesting that 
pulsatility improves flow mixing. 
 
 
 
 
 
 
 
 
 
Figure 31_ Representative bolus arrival (left) and stagnation line (right) in the Helical model. From 
the recording of the scan, we could observe a strong swept motion of the stagnation line at each 
pulse cycle. The stagnation disappeared within seconds after the arrival of the bolus. (Re=260, 50 
pulses/min, stroke volume 2 ml Ar=2D, Pitch 16D) 
 
 
 
 
 
3.3.7. Wall shear stress estimation from time concentration 
dispersion curves in the straight model 
 
 
From the analytical solution of the dispersion profile, the concentration of contrast at 
the measurement site over time can be deduced from the flow rate. As shown 
previously by Caro (Caro 1966), as the distance between the injection and the 
indicator is known, time axis can also be expressed in velocity unit.  
 
Flow rate and shear stress are linearly related to the clearance time of the bolus. In 
other terms, when the flow and WSS is reduced by half, the time between the peak of 
concentration at the arrival of the bolus and any set threshold in concentration is 
doubled, in other terms:  )t.(ttt QhrestQQ
hrest
Q max
max22
2)( −=−  
 
Comparison of the dispersion profile at 50 and 100 ml/min in Figure 19 and Figure 
25 seems to corroborate with those theoretical predictions. (Figure 32) 
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Figure 32_ Predicted dispersion curve of a bolus for 3 different flow rate in the straight model. The 
curves have been calculated from the solution for a fully developed Poiseuille described in the 
introduction. 
 
 
Flow rate 
ml/min WSS in dyn/cm2 
Dispersion 
time in s 
 Water Blood  
10 0.03 0.12 93.3 
50 0.17 0.66 17.0 
100 0.33 1.32 8.5 
 
 
Table 33_ Wall shear stress calculated from Hagen-Poiseuille equation for the straight model under 
3 different flow conditions. Theoretical time of the dispersion calculated from the solution as the 
time for the concentration to return to 20% of its maximal value. 
 
 
From Figure 16, we see that experimental dispersion curves follow qualitatively the 
anticipated results from the analytical solution. There was a background noise on the 
ultrasound data which make difficult to distinguish the tail of the dispersion when value 
get inferior to ~ 20 % of the maximal concentration.  
The estimations of the wall shear stress calculated from the measurement of the 
dispersion time in the straight model with Pulsatile flow are comparable to the 
calculation from the Hagen-Poiseuille equation. (Table 34). The results in pulsatile flow 
conditions seemed to fit better the prediction than when steady flow was used. A 
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calibration of the system response may provide more accurate measurements and a 
better estimation of wall shear stress.   
 
 
Experiment 
Flow rate 
ml/min 
Dispersion 
measured in s 
WSS measured 
in dyn/cm2 
WSS predicted 
in dyn/cm2 
50 20 0.15 0.17 Straight model 
Pulsatile (50 
pulse/min) 100 8.5 0.35 0.33 
 
 
Table 34_ Time Average wall shear stress estimated from the bolus dispersion are comparable to 
our calculation from Hagen-Poiseuille equation for the straight model under steady flow (Figure 
18) and pusaltile flow (Figure 24) We assumed in the predicted WSS steady flow and that the time 
when the dispersion curve returned to its baseline level is about the time the indicator concentration 
gets lower than 20% of its maximal value. 
 
 
 
 
 
3.3.8. Evaluation of the Wall shear stress profile in the curved   
model  
 
 
To evaluate the results obtained experimentally in the curved phantom, a CFD analysis 
was performed with the curved model as boundary condition for one given flow rate, 
ie Re = 260.  
In Figure 35 to 38 are presented the results of the CFD. The bend induces an 
asymmetry in the velocity profile with a resulting secondary Dean flow (Figure 35). 
This creates a difference in WSS between the inner and outer wall of the bend (Figure 
36) with a gradient in WSS along the circumference of the tube as shown in Figure 37.  
With this value of the Dean number, the expected ratio between the inner and the 
outer wall WSS is about ½. As seen in the introduction, the transit time depends on the 
local distribution of velocities which is related to shear stress 
 
Because of the secondary motions, WSS averaged along the circumference is 
increased compared to a straight segment with the same flow condition. In addition, 
our measurement in the curved model with a steady flow suggested a transit time 
more than 10x longer on the inner wall that on the outer wall. This would imply a 
difference in the WSS between the two walls on the same order. 
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Figure 35_ CFD simulation of the flow inside the curved phantom with Re=260, De=66. The 
velocity profile is skewed toward the outer wall of the bend describing a “horse-shoe pattern”. On 
the right, secondary flow velocities induced in the middle of the bend. 
 
 
Figure 36_ CFD simulation of wall shear stress in the curved phantom for Re=260, De=66.  Inflow 
is on the left. In the straight section before the bend, WSS value is ~0.033 Pa as predicted by the 
Hagen-Poiseuille equation. The bend induced an asymmetry in the wall shear stress between the 
inner and outer curvature.  
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Figure 37_ Plot of wall shear stress from CFD flow simulation in the curved model for Re=260, 
De=66 along a circumference in the middle of the curved section. The ratio of the WSS between the 
inner and the outer wall is ~ ½. And the averaged WSS is ~30 % higher than in a straight section 
with the same flow rate. On the right, numerical solution for the same conditions (arbitrary unit, 
courtesy J. Siggers).   
 
 
In the results obtained experimentally, the results suggest that the system worked 
better with Pulsatile flow than steady flow. In the steady flow experiment, the results 
from the straight and in the curved phantom indicated dispersion time longer than 
expected. Such discrepancy may be explained by the original bolus injection which 
may be not uniformly distributed across the section of the tube. One the major 
assumption of the analytical model is that the concentration of the bolus is uniform is a 
section of the pipe of length h. In practice it is very difficult to obtain such uniform 
bolus. To minimise such errors, an alternative technique of ultrasound bolus formation is 
suggested in the discussion and Figure 51. 
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3.3.9. Rabbit study  
 
Figure 38-40 describe the in-vivo experiments in the rabbit model: 
 
 
 
 
 
 
 
Figure 38_Representative transverve section of a Rabbit abdominal aorta with the passage of a 0.1 
ml bolus of contrast. The abdominal aorta diameter measured on the ultrasound was approx 
3.5mm. The bolus was injected by retrograde injection in the ascending aorta about 14 cm 
upstream of the transducer plane. 
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Figure 39_Dispersion curves for 3 boluses successively injected with the same conditions.  Curve have been 
normalised to the mean intensity. From the bolus dispersion curve, we measured that it takes on average 
2.5 +/-0.2 sec for the bolus to be cleared. 
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Figure 40_Comparison on region of interest near the anterior and posterior wall of the Rabbit 
abdominal aorta for the dispersion of two 0.1ml bolus injected in the ascending aorta. 
 
 
 
If we assume that, as previously, the background noise corresponds to 20% of the 
maximal value, the measures in the rabbit give an estimated value of the dispersion 
time of 2.5 +/- 0.2 sec.  
Using the formula for τ described in the introduction (p.36),  
τ
µ
⋅
+−
=−
a
hl
ttk
)(2
.
2.0
)2.01(
max  = 5.54 (with µ =0.03 cm
2
 s–1) 
the WSS in the abdominal aorta was estimated to be on the order of 5.5 +/- 2 
dyn/cm2 
By comparing the anterior and the posterior wall of the aorta, the bolus arrived a few 
frames before in the ROI near the posterior wall. This was confirmed on the dispersion 
curve. From the measured curve, it can be qualitatively concluded that the WSS was 
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lower on the anterior wall of the abdominal aorta, however the difference is hardly 
quantifiable in-vivo with the current experimental setup. 
 
 
Summary 
 
Ultrasound measurements of secondary flow profiles were investigated using the 
present technique in models of arterial blood flow.  
 
 
• A novel ultrasound method based on the dispersion of ultrasound contrast 
boluses was shown useful for visualising secondary flows and assessing the effect of 
arterial geometry on secondary flow patterns.  
 
• Measurements of the bolus dispersion in our curved and non-planar arterial 
phantom provided insight on the effect of non-planar arterial geometry on stagnating 
regions and general three dimensional structure of the flow.  
 
• Non-steady flow experiment underlined the importance of pulsatility when 
evaluating secondary flows in curved and non-planar geometry.   
 
• From post-processing analysis, the dispersion curve of the injected bolus could 
be retrieved in several in-vitro models of arterial geometries, giving an estimation of 
the averaged wall shear stress. 
 
• Local analysis of the contrast dispersion in specific regions of interest was 
shown to provide an estimation of the local wall shear stress pattern.   
 
• The method was successfully validated on an in-vivo animal model. 
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3.4. Discussion of the method  
 
In term of imaging blood flow, previous studies have shown that secondary flows can 
be imaged with ultrasound using colour Doppler. Single and double vortex structure 
could be identified in the models as well as in-vivo in various arteries. (Hoskins 1994; 
Koh 2001; Foin 2007). As shown previously (N. Foin MPhil report) , color Doppler 
presents several limitations for assessing secondary blood flow patterns, one of them is 
that Color Doppler signal is dependant on the angle between the probe and the flow.  
One of the main advantage of using transverse B-mode is that its physics is 
independent of the orientation of the transducer, therefore there are no artefacts 
related to the transducer orientation. Comparing with the colour Doppler signals (see 
figure 22), the contrast injection method also provides additional details on the 
secondary flow structure. 
 
One of the main limitations in such indicator dispersion studies is that it is usually 
difficult to inject a uniform compact bolus. Analytical predictions of indicator dispersion 
curve are based on fully developed flow profile and uniform bolus injection. Previous 
experimental studies have shown that recirculation or abnormal distribution of 
velocities influence the profile of indicator dispersion curves. Comparisons of 
measurements in more realistic in-vivo geometries with numerical predictions may give 
a better assessment of the efficiency of the present technique for clinical applications. 
  
The mean transit time t gives an indication of the degree of mixing between the 
injection and the recording site (Patel 1983).  
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Where c is the concentration of the labelled solute passing the transducer at time t. 
(Patel 1983) 
 
The preliminary steady flow results obtained in this study suggest that because of the 
stagnating area on the inner wall of the bend, the tail of the dispersion curve is longer 
in the curved model than in the straight.  
Results from other studies (Caro 1966; Patel 1983; Sabbah 1984) suggested that the 
effect of bends and secondary flow is actually to reduce the average mean 
circulation. It was not possible with the present data and method to assess accurately 
the mean transit time. An automated synchronisation of the bolus injection with the start 
of the curve could also reduce the error induced by the operator on the estimation of 
the flow rate and provide additional information such as the mean transit time.  
 
Errors during the injection of the bolus produce artefacts in the dispersion curve that 
are not related to flow or transport properties. In an early experiment, it was 
attempted to avoid such artefact by leaving some contrast medium circulating and 
mixing through the rig. This is comparable an intravenous injection of microbbubles that 
is left to mix through the circulation. Using a powerful second transducer, micro 
bubbles were destroyed (courtesy Dr. M. Tang and Dr. J.M. Mari) in a slice 4 cm 
upstream of the measurement cross section. (figure 41) In the curved phantom, we can 
see the horseshoe pattern taken by fluid in the absence of micro bubbles. Such 
technique has been validated before for accurate quantification of blood flow. (Wei, 
Jayaweera et al. 1998) 
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Figure 41_ Horse shoe pattern flow profile can be observed in the curved model on ultrasound 
scans taken 4 cm distal to the micro bubbles destruction plane at 2 different times. (flow rate: 25 
ml/min) Such technique provides more accuracy on the bolus shape than the retrograde injection.  
 
Finally, another suggestion was to investigate 3D flow reconstruction using Particle 
Image Velocimetry (PIV) techniques. Such technique has been investigated previously 
with ultrasound microbubbles. (Poelma, Mari et al. 2009) As shown on the figure 42, 
flow profile in the curved geometry could successfully be reconstructed with the 
characteristic horseshoe pattern. The reconstructed flow profile and shear stress 
evaluation showed good agreement with the numerical solution. (for further details see 
(Poelma, Mari et al. 2009))  
This technique could however not be investigated further in pulsatile flow model or in-
vivo due to some limitation on the scanner FPS (frames per seconds) resolution at the 
time of the study.  
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Figure 42_ Flow profile in the curved arterial phantom (Rc=6cm, ID=8mm) with steady flow and 
Re=260.  Comparison of the velocity field isosurface ( > ¾ of the maximal velocity), cross-
sectional velocity field and secondary flow.  Top: CFD simulation,  Bottom: 3D flow reconstruction 
from ultrasound PIV measurement. (Poelma, Mari et al. 2009) 
 
 
 
 
 
3.5. General discussion and suggestion for future work 
 
To explain the preferential localisation of atherosclerosis lesion on inner wall of curved 
vessel and bifurcation, it was suggested that the patterns of flow can influence arterial 
physiology and thereby, may modulate initiation of atherosclerosis plaques. (Caro, 
Fitz-Gerald et al. 1969; Caro 2009).  Some recent studies suggested that even 
plaque composition and vulnerability to rupture might as well be related to local flow 
environment (Cheng, Tempel et al. 2006; Chatzizisis, Jonas et al. 2008) 
 
Evidences suggest that WSS is sensed by the endothelium and act as a direct 
modulator of endothelial cell physiology. (Malek, Alper et al. 1999; Cunningham and 
Gotlieb 2004) Some studies suggested that actually mass transport of low molecular 
weight species such as oxygen may modulate arterial physiology and explain also 
disease localisation. (Davies 1995; Ethier 2002; Tarbell 2003).  
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Arterial bends and bifurcation create asymmetric blood flow profile with subsequent 
secondary flow as reported by numerous imaging and CFD studies. (Caro, Doorly et 
al. 1996; Shipkowitz, Rodgers et al. 2000; Zhao, Xu et al. 2000; Feintuch 2007; 
Coppola 2008) As seen in this experimental study, secondary flows create cross-
sectional variation in wall shear stress and regions of stagnant, unmixed flow. 
 
As observed by Ethier and others, it is difficult to determine whether it is directly the 
low WSS or the impaired mass transfer in the stagnation region that is impairing 
endothelium function and contributes to the genesis of the disease as both co-localise. 
(Ethier 2002) Mapping of shear stress and mass transport in curved arterial model 
revealed that geometry can create however significant higher local variation in mass 
transport compared to shear stress. (Ma, Li et al. 1997; Qiu 2000; Kaazempur-
Mofrad 2001; Ethier 2002; Coppola 2008) In a CFD model of a human coronary, the 
ratio between the inner and outer wall of the artery was on the order of 4 for the 
wall shear stress but several hundreds for the oxygen mass transport. (Kaazempur-
Mofrad 2001) 
 
Many factors and pathways seems to be involved in the preferential localisation 
mechanisms of flow related protection or susceptibility to arterial disease and the 
exact biochemical cascade remains unclear. Measurements in curved arterial phantoms 
revealed that pulsatile flows in curved geometry produce complexes flow conditions 
with secondary flow and cross-sectional gradients in wall shear stress. Such conditions 
can hardly be mimicked using conventional parallel plate flow chambers. 
 
Use for in- vivo examination 
 
Ultrasound is nowadays used in clinical practice for the detection of stenosis. 
Secondary flow visualisation has been used so far only in research studies. The ability 
of using ultrasound for imaging 3D blood flow structure may open a range of research 
opportunities.  
 
In clinical practice, secondary flow visualisation by means of contrast bolus injection 
could be useful in detection of stagnation area or could be used in assessing regions 
vulnerable to initiation of the disease.  
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Indicator dispersion curve is important in term of vascular physiology as its shape gives 
quantifiable indication of the mass transport property occurring between the injection 
and the measurement site. (THOMPSON, STARMER et al. 1964; Caro 1966) This 
ultrasound approach could be used in diagnosing poor blood mixing or area of 
recirculation between two arterial locations. With further development, such technique 
may well be employed as a diagnostic tool in vascular ultrasound. (CARO 2008) 
 
3.6. Conclusion 
 
Dean vortices imply a region of low wall shear stress that represents a risk for 
atherosclerosis development. 3D imaging of flow in-vivo is of interest in respect of 
blood mass transport and wall shear stress distribution, both of which influence the 
development of arterial disease. It was suggested that non-planar flow may enhance 
blood flow mixing and protect the arterial wall against disease development. (Caro, 
Doorly et al. 1996) 
Indicator dispersion using ultrasound may be of value in visualising secondary flows 
and detecting stagnant flow, increasing the understanding of the correlation between 
flow, vascular biology and disease. 
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Chapter 4 
 
Shear stress and nitric oxide transport affect nuclear 
factor -κB dynamics in endothelial cells 
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ABSTRACT  
 
Introduction 
Shear stress is involved in the regulation of the pro-inflammatory transcription factor 
nuclear factor -κB (NF-κB) and the vasoregulator nitric oxide. However, the role of 
endothelial NO and wall shear stress on NF-κB activation is still controversial. We 
investigated the hypothesis that NO negatively regulates NF-κB activation in sheared 
endothelial cells.    
 
Methods and Results 
Porcine aortic endothelial cells (PAECs) were studied in parallel plate flow chambers 
at two shear stress levels (2 and 10 dyne/cm2) over 12 time points (0-330 minutes) 
and at different locations along the length of the flow chamber. These conditions were 
determined by extensive CFD-simulations of shear stress and nitric oxide transport in 
the chambers coupled to a mathematical model of the NF-κB-NO pathway. 
 
NF-κB oscillates in and out of the nucleus with amplitudes and frequencies dependent 
on shear stress level and nitric oxide concentration in the flow chamber. Exposure to 
low shear stress resulted in a more prolonged nuclear NF-κB translocation (active > 
330 min) than high shear stress (return to baseline < 180 min), as shown by two-way 
Anova (P < 0.01). Addition of L-NAME, an inhibitor of nitric oxide synthesis, increased 
the period of NF-κB activation in ECs exposed to high shear, suggesting that shear-
dependent NO release modulates the dynamics of NF-κB activation. Such pattern of 
NF-κB dynamics was qualitatively predicted by simulations of the experiment with a 
mathematical model of the NF-κB-NO pathway. 
 
Conclusions 
The dependence of NF-κB dynamics on shear stress level and location in the flow 
chamber may be explained by a NO transport dependent mechanism interacting with 
the direct stimulatory effect of shear stress. 
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4. 1. Introduction 
 
 
4.1.1. The IKK-IκB-NF-κB signalling pathway 
 
Atherosclerosis is nowadays considered as an inflammatory disease. (see chapter 1) 
One of the most important signalling pathways regulating inflammation is the IKK-IκB-
NF-κB pathway. It is a classical relay pathway, where IκB Kinase (IKK) is activated, 
leading to phosphorylation and subsequent breakdown of Inhibitor -κB (IκB), 
activating nuclear transcription factor –κB (NF-κB). NF-κB comprises homo or hetero 
dimmers formed by the Rel family members (p65/RelA, RelB, c-Rel, p50 and p52).  
NF-κB is often associated in the literature with its most common form: the heterodimer 
consisting of two subunits known as p65 (RelA) and p50. (Li 2002) 
NF-κB is one of the most important regulators of inflammation. (Zhao, Stavchansky et 
al. 2003) Transcription factors regulate gene expression by binding to specific DNA 
sequences in the promoter region of their target genes, thereby inducing or inhibiting 
their activity. Target genes of NF-κB include a variety of pro-inflammatory genes such 
as cytokines (IL-1, TNF-alpha, MCP-1) and leukocyte adhesion molecules (E-selectin, 
VCAM-1 and ICAM-1). (Barnes 1997; Hajra, Evans et al. 2000)  Microarray studies 
revealed that several hundreds genes actually contain a binding site for NF-κB in their 
promoter. In addition to inflammation, NF-κB has been shown to control also diverse 
cellular mechanism involved in many aspects of cell growth, differentiation and 
proliferation. (Barnes 1997) 
 
Activation pathway 
 
Signalling that leads to the activation of the hetero-dimer p65-p50 is referred to as 
the canonical activation pathway of NF-κB. It is a fast responding pathway (order of 
minutes) which is crucial for the signalling of inflammation and leukocyte recruitment. 
The other signalling pathway, the non-canonical one, is a slow response pathway 
(order of several hours and days) that does not affect the p65-p50 hetero-dimer. This 
pathway is thought to be involved in the regulation of other cellular mechanisms such 
as cellular differentiation, proliferation and apoptosis. (Li 2002; Hoffmann and 
Baltimore 2006) In this chapter NF-κB refers only to the common hetero-dimer p65-
p50. 
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The transcription factor NF-κB resides normally in the cytoplasm of cells, where it is 
bounded to IκB, which renders NF-κB inactive: IκB masks the DNA binding sequence of 
NF-κB, thereby preventing its binding in the nucleus. (Denk, Goebeler et al. 2001; 
Hoffmann, Levchenko et al. 2002) 
 
IκB can be phosphorylated and degraded by its Kinase IKK. Activation of IKK via its 
regulatory module NEMO can be triggered by various stimuli, including viral or 
bacterial infections producing pathogen-derived lipopolysaccharide (LPS), irradiation, 
reactive oxygen species (ROS) or pro-inflammatory cytokines such as tumor necrosis 
factor alpha  (TNF-α) or interleukin-1 (IL-1).  Degradation of IκB leaves free NF-κB 
which can translocate into the nucleus and bind to DNA consensus sites in the promoter 
region of its target genes.   (Denk, Goebeler et al. 2001; Hoffmann, Levchenko et al. 
2002; Li 2002; Monaco and Paleolog 2004) 
 
Feedback loop 
 
A particularity of NF-κB is that it has been shown to target one of its own inhibitory 
protein gene: Iκb-α, thereby forming a classical negative-feedback loop (Hoffmann, 
Levchenko et al. 2002). This negative feedback allows a rapid turn-off of activated 
NF-κB and can result in oscillation of NF-κB.  NF-κB has been reported to shuttle in 
and out of the nucleus in Hela cells exposed to pro-inflammatory stimuli (Nelson, 
Ihekwaba et al. 2004). Such oscillations have been observed also in other cell type 
with different stimuli (Hoffmann, Levchenko et al. 2002; Ganguli, Persson et al. 2005).  
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Figure 43_ The IκB-NF-κB feedback loop. Activated IκB kinase (IKK) degrades inhibitor IκB. Free 
NF-κB  dimmers translocate to the nucleus targeting genes containing a κB motif including inhibitor 
IκB-α gene. Cytoplasmic expression of free IκB is increased and newly synthetised IκB  proteins 
translocate into the nucleus reforming inactive IκB-NF-κB complexes that can not bind to DNA and 
relocalise in the cytoplasm. If IKK is still active, this feedback loop can lead to nuclear-cytoplasmic 
oscillation of NF-κB. From (Hoffmann, Levchenko et al. 2002)  
Right:_ Observation of NF-κB oscillation in single Hela cells after stimulation with TNF-alpha. NF-
κB shuttles in and out of the nucleus in a damped oscillation with a period of about 120 minutes. 
(from (Nelson, Ihekwaba et al. 2004)) 
 
 
 
 
 
The nuclear translocation of NF-κB is actually controlled by three isoforms of the NF-
κB inhibitor protein in the cytoplasm: IκBα, -β and –ε. Hoffmann et al (Hoffmann, 
Levchenko et al. 2002) have shown that only the IκBα isoform forms a negative 
feedback with NF-κB. In this experiment, knockout mice with deleted IκBβ and –ε 
genes were engineered and interbred to yield fibroblast cell lines, in which NF-κB was 
under the control of a single IκB isoform (IκBα, -β or –ε) only. NF-κB activation was 
then stimulated using tumor necrosis factor-α (TNF-α). Results of electrophoretic 
mobility shift assay (EMSA) experiments show that oscillation of nuclear NF-κB is only 
observed in cell lines without the IκBβ and –ε genes, suggesting that IκB β and - ε are 
not regulated by NF-κB and therefore, not part of the IκB-NF-κB feedback loop. 
Instead β and - ε isoforms contribute to the damping of the oscillatory response. 
(Hoffmann, Levchenko et al. 2002; Nelson, Ihekwaba et al. 2004) 
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Other negative feedback loop mechanisms are present in the NF-κB pathway. A20, a 
gene targeted by NF-κB, has been shown to inhibit IKK[ref]. Silencing of A20 results in 
NF-κB remaining longer active in the nucleus and its downstream targets to be 
upregulated. (Werner, Barken et al. 2005; Partridge 2007; Enesa 2008) NF-κB- 
A20-IKK constitutes thereby another negative feedback loop on NF-κB activation 
through IKK inhibition. A20 feedback is however not thought to participate in the 
oscillatory response of IκB- NF-κB. (Werner 2008) 
 
Shear dependency of NF-κB  
 
In-vivo studies on murine models revealed an increased expression of inflammatory 
markers expression such as ICAM-1, VCAM-1, MCP-1 and E-selectin on the inner 
curvature of the aortic arch (Hajra, Evans et al. 2000; Jin, Ferrara et al. 2006; Suo, 
Ferrara et al. 2007; Won, Zhu et al. 2007), a region exposed to low and disturbed 
flow patterns (Feintuch, Ruengsakulrach et al. 2007; Suo, Ferrara et al. 2007). Such 
difference was found even in the absence of an atherosclerotic lesion, suggesting that 
atherogenic flow profile on the inner wall of the aortic arch may be sufficient for NF-
κB activation and vessel inflammation.  
 
Several groups reported the nuclear translocation of NF-κB in cultured ECs exposed to 
a step change in flow (Mohan, Mohan et al. 1997; Bhullar, Li et al. 1998; Bao, Lu et 
al. 1999; Nagel, Resnick et al. 1999; Partridge 2007). Mohan reported that low 
shear stress (2 dyn/cm2) produced a more sustained NF-κB nuclear activation whereas 
high shear (16 dyn/cm2) produced only a limited and transient activation. (Mohan, 
Mohan et al. 1997; Hay, Beers et al. 2003) 
 
Investigation of IKK activity by kinase assays revealed an increase in IKK activity by 
several fold in ECs exposed to low shear compared to ECs exposed to high shear 
stress for the same duration. (Mohan, Koyoma et al. 2007)  Overexpression of IκBα  in 
ECs attenuated  NF-κB activation induced with low shear suggesting that the effect of 
shear is mediated upstream of the NF-κB-IκB pathway. (Mohan, Hamuro et al. 2003) 
Furthermore, in the Mohan experiments, ECs exposed to high shear had a decrease in 
IKK activity compared to the static control after 1hr of flow, suggesting a protective 
effect of high shear via a reduction of IKK activity. Inhibition of IKK by transfection 
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with small interference (si)RNA specific to IKK blocked the low shear-induced 
translocation of NF-κB, thereby confirming the essential role of IKK activation prior to 
the nuclear translocation of NF-κB. (Mohan, Koyoma et al. 2007)   
 
 
Micro-arrays analysis exposing cultured ECs to controlled flow environment confirmed 
that low and disturbed flow upregulates most of the process involved in the 
inflammatory cascade. (Nagel, Resnick et al. 1999) Several group also showed that 
ECs preconditioned to a low WSS environment are also predisposed to pro-
inflammatory stimuli (Partridge 2007; Won, Zhu et al. 2007; Ali, Zakkar et al. 2009; 
Zakkar, Van der Heiden et al. 2009).  On the opposite, regions exposed in-vivo to 
high shear stress have an anti-inflammatory phenotype (Dai, Kaazempur-Mofrad et al. 
2004; Won, Zhu et al. 2007) for review see (Cunningham and Gotlieb 2004), 
suggesting that an anti-inflammatory protective mechanism is induced by high shear 
stress. 
 
In-vivo measurement revealed that NF-κB expression is also differently regulated by 
shear: NF-κB is upregulated in-vivo by several folds in region of low shear, typical of 
branching and inner curvature of arteries, compared to high shear regions. (Hajra, 
Evans et al. 2000; Dai, Kaazempur-Mofrad et al. 2004; Won, Zhu et al. 2007).  
It has been therefore suggested that low and oscillatory blood flow may prime the 
endothelium to inflammatory stimuli via upregulation of pro-inflammatory transcription 
factor, including NF-κB and its activators IKK. Underlying mechanism of this shear 
dependant expression still remains unknown.   (Peng, Libby et al. 1995; Hajra, Evans 
et al. 2000; Passerini 2004; Partridge 2007) 
 
 
 
In summary, inflammatory signalling and adhesion of leukocyte is a key part of the 
mechanism initiating atherosclerosis. The endothelial cells are during that process in a 
pro-inflammatory „dysfunctional“ state driven by both low shear stress and lipid rich 
macrophages accumulation in the wall.   
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4.1.2. eNOS-NF-κB interaction is key to the progression of 
atherosclerosis  
 
The endothelial Nitric Oxide Synthase (eNOS) pathway is one of the most prominent 
signalling pathways in cardiovascular physiology (see for reviews (Davies 1995; 
Govers and Rabelink 2001; Boo and Jo 2003; Chatzizisis, Coskun et al. 2007). The 
primary function of NO is to mediate vasodilation. However, experiments showed that  
NO is also involved in maintaining vascular integrity by inhibition of platelet 
aggregation, leukocyte-endothelium adhesion and vascular smooth muscle cell 
migration and proliferation (Govers and Rabelink 2001; Boo and Jo 2003; 
Chatzizisis, Coskun et al. 2007). The activity and expression of the enzyme eNOS is 
tightly regulated by shear stress and in the face of low WSS levels, less NO 
availability has been shown to lead to an increased susceptibility to atherosclerotic 
disease (Govers and Rabelink 2001; Boo and Jo 2003; Chatzizisis, Coskun et al. 
2007). The molecular mechanisms underlying the protective effect of shear stress and 
NO on inflammation are hardly known. Understanding this relationship is important 
considering the central role of inflammation and NO in atherosclerosis. (Davies 1995; 
Malek, Alper et al. 1999; Cunningham and Gotlieb 2004) 
 
In this chapter, our interest is focused on the interactions between the shear responsive 
eNOS-NO pathway with the IKK-Iκb-NF-κB feedback loop. We suggest that the 
interaction of these two pathways may explain the spatial distribution of inflammatory 
activation and diseases.  
 
Shear Stress upregulation of eNOS via NF-κB binding  
 
 
Extensive evidence of the up-regulation of eNOS by shear force has been provided 
both in-vivo (Cheng, van Haperen et al. 2005) and in-vitro (Davies 1995; Davis, Cai 
et al. 2001), Figure 44 and for review see (Resnick and Gimbrone 1995; Fleming and 
Busse 2003; Cheng, van Haperen et al. 2005). The sequence GAGACC of the eNOS 
promoter, located -990 to -984 base pairs upstream of the eNOS transcription start 
site has been identified as the site responsible for eNOS shear dependant expression. 
(Resnick 1993) A similar sequence was found in several other shear responsive genes 
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(PDGF-B, c-fos, MCP-1 or ICAM-1) and has been named therefore shear stress 
responsive element (SSRE).  (Resnick and Gimbrone 1995)  
 
NF-κB is one of the first transcription factors reported to be activated by exposure to 
shear stress. Resnick showed the binding of NF-κB to the SSRE in PDGF-B promoter 
after exposure of ECs to laminar shear. Mutation of the SSRE abolished both shear 
responsiveness and NF-κB binding, confirming that the SSRE is a consensus site for NF-
κB. Because of the similarity between -κB consensus sites and the SSRE sequence found 
in eNOS promoter, NF-κB was suggested as the possible mediator between shear and 
the upregulation of the eNOS gene in ECs.  (Resnick and Gimbrone 1995; Davis, 
Grumbach et al. 2004).  
Davis et al (Davis, Grumbach et al. 2004) demonstrated the binding of NF-κB to the 
SSRE in eNOS promoter after exposing ECs to shear. Furthermore they showed that 
such binding was essential to maintain eNOS shear responsiveness. Activation of eNOS 
promoter by shear exposure was prevented by the NF-κB inhibitor panepoxydone, 
thereby confirming that NF-κB binding is essential for the shear stress regulation of 
eNOS. (Davis, Grumbach et al. 2004; Grumbach 2005; Harrison, Widder et al. 
2006) 
 
 
 
 
 
Figure 44_ Human pulmonary artery endothelial cells stained for eNOS.  eNOS protein is 
upregulated in the endothelial cells that have been exposed to 24 hrs of shear stress (10 dyn/cm2) 
compared to a static control, on the left. [image N.Foin, K.Yamamoto] 
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Modulation of NO production by Shear stress  
 
NO is produced in the endothelium through the conversion of L-arginine into L-citrulline 
by Endothelial Nitric Oxide Synthase enzyme. One of the primary responses of ECs 
within seconds of acute shear stress exposure is the Ca2+ response which is 
immediately followed by activation of eNOS and an increase in NO production. 
eNOS activity is dependent on intracellular calcium via Ca2+/calmodulin binding and 
NO response to acute shear is inhibited by calcium chelators. Stimulator of NO 
production such as acetylcholine, bradykinin or ionomycin activate eNOS via this 
calcium dependent pathway.  
Experiments coupling flow stimulation with calcium inhibitor suggest that calcium 
dependent pathways of activation of eNOS co-exist with a calcium independent 
pathway through eNOS phosphorylation by protein kinases. Because of this pathway, 
NO production can be sustained even in the presence of calcium blocker, (Kuchan 
1994; Davies 1995).  
 
Both eNOS enzymatic activity and protein expression seems to be related to the level 
of shear stress, although with different time scales. In-vitro experiment by Kanai and 
others reported a quasi-linear relationship between NO production and shear stress 
level. (Kanai, Strauss et al. 1995) In-vivo measurement of eNOS protein revealed a 
sigmoidal dependent relationship between eNOS protein level and shear stress 
(Cheng, van Haperen et al. 2005).  
 
 
 
Shear stress inhibition of NF-kB : role of nitric oxide 
 
Nitric oxide is one of the most important molecules in the regulation of cardiovascular 
function. Through various feedback mechanisms, NO controls vascular tone, arterial 
pressure and general arterial homeostasis. (Lowenstein, Dinerman et al. 1994) Several 
experiments suggest that NO is actually a remarkable anti-atherogenic molecule. 
(Wang 1994; Lloyd-Jones 1996; Harrison, Widder et al. 2006) Inversely, reduced 
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NO availability has been correlated with atherosclerosis as well as other vascular 
pathology such as hypertension. (Cayatte 1994; Lloyd-Jones 1996) 
 
 
 
NO donors such as sodium nitroprusside (SNP), GSNO, DPTA-NO, NOC, NOR-3 
release NO chemically with a given kinetic, thereby increasing NO concentration 
artificially. (Peng, Libby et al. 1995; Khan 1996; Mohan, Hamuro et al. 2003; Davis, 
Grumbach et al. 2004; Rogers and Fuseler 2007). Interestingly, some study showed 
that addition of exogenous NO to ECs inhibits NF-κB activation stimulated by acute 
shear or exposure to pro-inflammatory cytokines such as TNF-alpha. (Peng, Libby et 
al. 1995; Khan 1996; Mohan, Hamuro et al. 2003; Davis, Grumbach et al. 2004; 
Rogers and Fuseler 2007). 
Inhibition of NF-κB activation was found to be dependent on both concentration and 
kinetics of NO delivery: Slow releasing NO donors such as SNP (1/2 life 336 h) did 
not inhibit significantly NF-κB translocation in TNF- α stimulated ECs. On the opposite, 
NO-donor with a faster kinetics (1/2 life in the order of minutes to hrs) could inhibit 
the effect of TNF- α in a dose dependent manner entirely (Rogers and Fuseler 2007) 
Interestingly, Rogers et al. noticed also that a burst of NO donors after a first 
activation by TNF- α  could re-activate NF-κB, whereas a 2nd addition of TNF- α alone 
could not. (Rogers and Fuseler 2007) 
 
On the opposite, inhibition of endogenous NO production enhance nuclear 
translocation of NF-κB in both resting and stimulated ECs, suggesting a possible 
endocrine regulatory mechanism of NF-κB by NO concentration. ECs treated with L-
arginine analogues such as N-nitro-L-arginine methylester (L-NAME) or L-N-
Monomethylarginine (L-NMMA), inhibitors of endogenous NO synthesis, showed an 
increase in NF-κB translocation when stimulated with TNF cytokine or shear stress. 
(Mohan, Hamuro et al. 2003; Davis, Grumbach et al. 2004) Such effect of L-NMMA 
treatment on NF-κB translocation was confirmed by the augmentation of ICAM-1 and 
VCAM-1 mRNA, both NF-κB target genes.  
 
Inhibition of endothelial NO production could also trigger the activation of NF-κB 
under static condition without any addition of pro-inflammatory cytokines.  (Peng, 
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Libby et al. 1995) This suggests also the inhibition of NF-κB by NO under resting 
conditions.  
 
Mechanism of nitric oxide - NF-kB interaction 
 
Several mechanisms of post-translational modifications including phosphorylation, 
ubiquitination, acetylation or nitrosylation have been shown to regulate the function of 
the various components of NF-κB pathway, namely p65, IκB and IKK. (for review see 
(Perkins).  
Direct S-nitrosylation by NO has been shown a key regulatory mechanism of both NF-
κB and IKK activity: Nitrosylation of the p65 subunit of NF-κB prevents its binding to 
DNA and thus transcriptional activity (Marshall and Stamler 2001; Reynaert 2004). 
Several studies showed that NO inhibit the NF-κB activation pathway mainly upstream 
of IκB by IKK nitrosylation (Denk, Goebeler et al. 2001; Mohan, Hamuro et al. 2003; 
Reynaert 2004). Detection of protein S-nitrosylation by biotin switch method 
demonstrated that S-nitrosylation of IKK at the cys-179 results in the inhibition of IKK 
activity and IκB degradation. (Marshall and Stamler 2001; Reynaert 2004) 
Furthermore, IKK activation was demonstrated to be essential and sufficient for the 
activation of NF-κB and upregulation of pro-inflammatory genes. (Denk, Goebeler et 
al. 2001) 
 
Peng et al. (Peng, Libby et al. 1995) reported also an increase in IκB- α mRNA in ECs 
following addition of NO donors. Further analysis using a reporter gene with the IκB- 
α promoter showed an several fold increase 12 hrs after TNF-alpha stimulation with 
the NO donor GNSO. Upregulation of IκB- α might be an additional mechanism by 
which NO participate in the inhibition of NF-κB activation.  
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Evidence of a feedback between NO and eNOS regulation 
 
eNOS activation and NO release are the best characterised response of ECs to shear 
stress. Several experiments using NO donors and inhibitors reported consequent 
variations of eNOS proteins suggesting a feedback mechanism between NO and 
eNOS. (Grumbach 2005) Controversial results have been reported: NO inhibitor have 
been shown in some case to increase eNOS expression. Inversely in other experiments, 
inhibition of NO production resulted in a decrease of eNOS mRNA (Braam, de Roos et 
al. 2004; Braam, de Roos et al. 2005) 
 
Grumbach et al have demonstrated that, in the presence of the NO inhibitor L-NAME, 
laminar shear stress increases binding on the eNOS promoter activity by 30-50%. 
They showed that reducing NO concentration increases eNOS transcription and they 
observed a downregulation of eNOS mRNA levels when the NO donor DPTA-NO was 
used in conjunction with shear stress stimulation, possibly by reducing the inhibitory 
effect of NO on NF-κB. (see figure 50,(Grumbach 2005)) 
Ignarro et al. first had studied the effect of exogenous NO on eNOS enzyme activity 
by measuring the rate of conversion of L-arginine into L-citruline. His study revealed 
that NO-donor S-nitroso-N-acetylpenicillamine (SNAP) inhibits eNOS activity in bovine 
ECs, suggesting that NO acts as a negative feedback for its own enzyme eNOS. They 
went further showing that ECs pretreated with SNAP did not show evidence of an 
increase in NO synthesis in response to eNOS stimulation by bradykinin or exposure to 
shear. (Buga, Griscavage et al. 1993). 
 
         
4.2. Hypothesis & Objectives 
 
Hypothesis: NO regulate eNOS- NF-κB interaction via a negative 
feedback loop 
 
As summarised in Figure 45, NF-κB activation modulates the upregulatation of eNOS 
expression with shear stress. (Harrison, Widder et al. 2006)  eNOS enzymatic activity 
is also responsive to shear in a dose dependant manner. (Kanai, Strauss et al. 1995; 
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Yamamoto 2005) Finally NO is an inhibitor of the NF-κB activation. (Rogers and 
Fuseler 2007)  
 
 
We propose that the interaction between eNOS and the NF-κB pathway is influenced 
by shear via NO, constituing a classical negative feedback loop controlled by NO 
concentration..  
 
As production and transport of NO is also dependent on local flow, this mechanism 
may be further contribute to the preferential localisation of inflammation and 
atherosclerosis. 
 
Objectives 
 
This project aims to investigate the relationships between arterial flow and the eNOS 
– NF-κB pathway by combining in vitro experimentation with a mathematical 
modelling using MATLAB. 
 
Experimentation objectives: 
 
• Set-up a perfusion model to investigate the effect of laminar shear stress on 
the eNOS-NF-κB pathway through in vitro flow experiments mimicking physiological 
low shear and high shear stress. 
• Develop image processing techniques to quantify automatically NF-κB nuclear 
binding from confocal images.  
• Modify NO concentration with eNOS-inhibitor and NO-donor in perfusion 
experiments to separate the direct role of shear stress from its indirect role through 
NO concentration.  
 
Modelling objectives: 
 
• Develop a mathematical models representative of the eNOS-NF-κB pathway, 
using ordinary differential equations representing the core interactions of the 
biological model. 
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• Implement this mathematical model in MATLAB and examine the sensitivity of 
the system to its different parameters.  
• Investigate the dynamics of the system to various input mimicking different 
physiological conditions. 
• Test different experimental conditions and determine the optimal parameters 
for further in vitro experiments. 
 
 
Figure 45 Graphical representation of the interaction between the NO-eNOS pathway and the IκB-
NF-κB feedback loop: (1) Shear stress stimulates NO production by phosphorylating eNOS 
enzymes. eNOS phosphorilation and resulting NO production is dose dependent on the level of 
shear stress (2) Transcription factor NF-κB in the nucleus bind to eNOS promoter, which 
upregulates the transcription of the eNOS gene. (3) New eNOS enzyme is synthesized by 
translation of the eNOS mRNA, (4) Newly synthetised eNOS catalyses the conversion of additional 
l-arginine substrates to endogenous nitric oxide and L-citrulline . (5) Nitric oxide inhibits IKK 
activity and hence, the degradation of IκB in the IκB-NF-κB complex in the cytoplasm. This reduces 
the level of NF-κB translocation to the nucleus. 
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4.3. Experimental methods 
 
 
Cell culture  
 
Porcine aortic endothelial cells (PAEC) were isolated from pig aortas by collagenase 
treatment (0.2 mg/ml). The cells were then grown on 1% gelatine coated tissue culture 
flasks using DMEM supplemented with 10% FBS Serum, 10% NCS Serum, 50 ng/ml 
endothelial cells growth supplement, 2 mmol/l glutamine, 100 µg/ml pen/strep and 
50 µg.ml-1 gentamicin. The flasks were maintained in an incubator at 37°C in a 5% 
CO2 environment. In the experiments, all the cells used were from passages 2 to 5. All 
reagents were purchased from Sigma-Aldrich, UK. 
 
Shear Stress 
 
ECs were seeded at about 25-50% density on IBIDI luer VI slides according to the 
manufacturer recommendation (Ibidi instrument, Germany). The medium was changed 
the next day and the cells were left to reach confluency one more day. After two days 
of culture, cells started to form a confluent monolayer and were ready for 
experiments.   
 
DMEM media supplemented with 10% Serum and glutamine was used to perfuse the 
chamber. Before setting up the chambers, the flow loop tubing was sterilised by 
perfusion of 70% ethanol followed by successive flushs with sterile water.  
During short term experiments (< 6hrs), temperature and PH was maintained by 
gassing the media with a 5% CO2 atmosphere and placing the reservoir in a warmed 
water bath. The slides were also placed on a hot plate set to maintain a temperature 
of 37 deg. For longer experiments (22 or 44 hrs), the perfusion setup was placed 
inside the incubator. 
 
Two levels of shear were studied in the flow chambers corresponding to physiological 
low and normal shear stress level (2 and 10 dyne/cm2). A Gilson Minipuls 3 peristaltic 
pump (Anachem, US) was used and the perfusion rate was determined by shear 
calculation according to the flow chamber manufacturer. (Ibidi Biodiagnostic, 
Germany) 
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.  
 
 
 
Figure 46_Schematic representation of the in-vitro perfusion system of the flow chamber. (Ibidi 
Diagnostics, Germany) 
 
 
The PAEC were studied at 12 different time points (0-330 minutes). These time points  
were determined after simulations of the NF-kB response using our computational 
model. For each set of flow experiment, a corresponding set of negative control was 
left without any shear stimulation. 
The cells were fixed at each time point of the experiment by methanol (-20deg) 
application for five minutes. The channels were then rinsed 3x with phosphate buffer 
solution (PBS). 
 
 
Figure 47_Connection of the flow chambers at the start of the experiment. Each column on the ibidi 
slides represents a distinct time point. Throughout the experiment, connection loop parts were 
sequentially disconnected from the slides at every 30 minutes interval, from left to right, as 
indicated by the time points on the figure. This allowed each successive column of flow channels to 
be flow stimulated for 30 minutes longer than time point in the previous adjacent column. 
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L-NAME and NO-donor 
 
To study the influence of NO, a Nitric oxide inhibitor, Nitro-L-arginine methyl ester 
hydrochloride (L-NAME), (N5751 from Sigma-Aldrich) was used at a concentration of 
100 uM in the growth medium. Such concentration was suggested previously to be 
sufficient for inhibiting NO production in ECS. (Grumbach 2005)  
As NO-donor, we used dPTA/NO (purchsed from AG Scientific). dPTA/NO was freshy 
dissolved in DMEM to reach a final concentration of  10 µM. 
 
Immunostaining 
 
Prior to immunohistochemistry, 1% bovine serum albumin (BSA) dissolved in PBS was 
added to the channels for at least 30 minutes to block undesirable non-specific 
binding.  
As primary antibody, we used a rabbit anti NF-kappa B p65 at 1:250 ((C-20)-G 
Polyclonal, Santa Cruz Biotechnology) applied for 1.5 hr at RT and for eNOS, we 
used a Rabbit anti-eNOS Polyclonal (Abcam) at 1:250 overnight at 4deg.  
Alexa Fluor 594 goat anti-rabbit (Invitrogen Molecular Probes) was used as the 
secondary antibody at 1:250 for 1.5 hr. Finally, DAPI (4',6-diamidino-2-phenylindole 
417 from Sigma) was used for nuclear staining, at a dilution 1:2000  (2 µg mL-1 ) for 
5 minutes.  
 
 
 
NO and calcium dye 
 
Nitric oxide sensitive dye DAF (85165, DAF-2 diacetate, Cayman Chemicals) was 
used to assess intracellular NO concentration. Briefly, DAF was diluted 1:500 in DMEM 
and 1:500 pluoronic F-127 to reach a concentration of 10 umol . The cells were then 
incubated with the DAF solution as described previously (Yamamoto 2005). 
Pre-incubation with L-NAME (100um) for 30 min was used as negative control and 
Calcium salt ionomycin (Sigma 13909) was used at 1-3 mM concentration to 
artificially increase NO concentration and create a positive control. 
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For the calcium experiment, dye loading was realised as previously described 
(Yamamoto 2003). Briefly, the cells were washed 3x with Serum free media and then 
incubated at 37 deg in 5% CO2 for 40 mins with 5 umol/L indo-1-AM (Dojindo, 
Japan/ AnaSpec corp., US) and 0.04% pluoronic F127 dispersing agent (Molecular 
Probes, Invitrogen). The cells were then washed and incubated with complete medium 
for 10 mins. The slides were then rinsed 3x with PBS and place on the microscope 
ready for experiments. 
 
For intracellular nitric oxide and calcium measurement under flow, the slides were 
mounted on the microscope with the perfusion system. To avoid perturbations during 
life imaging, HBSS (for indo-1-AM) or phenol free DMEM (for DAF) was used as 
perfusate. 
 
DAF and Indo-1-AM imaging 
 
Live fluorescent images from DAF probe were acquired using a Leica Sp2 confocal 
microscope with the following settings : 40x oil objectives, 5% argon laser excitation. 
The confocal was programmed to acquire time series of DAF fluorescence.  
 
For calcium, live fluorescent images were obtained with a confocal laser microscope 
equipped with an UV argon ion laser (MRC-1000 UV, Bio-Rad) as previously 
described (Yamamoto 2003). Briefly, a laser with a 351-nm wavelength excited cells 
through a ×40 objective. The light was separated into 405- and 480-nm wavelengths 
by a beam splitter before reaching the photomultipliers. The images were processed 
using ImageJ to calculate the time course of the F405/F480 fluorescence ratio in 
selected cells.    
 
Image Acquisition NF-κB 
 
A Leica Sp5 confocal microscope was used to image the NF-κB immunostained slides 
and confocal settings were kept the same between experiments (Details of settings: 
objective: 40x, pinhole: 2.5, Laser: 405 Diode (3%), HeNe 543 (30%). The slides 
were imaged within 48 hrs after immunofluorescence staining to prevent bleaching of 
the fluorophores. 
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For each flow channel, the stage of the Confocal Microscope was calibrated and 
programmed to image four equidistant positions for nuclear NF-κB intensity as 
indicated on the figure below. Taking different positions along the flow chamber, we 
investigate possible effects of NO mass transport boundary layer along the flow 
channel. 
 
 
 
Figure 48_ The stage of the Leica Confocal Microscope was programmed to acquire 4 equidistant 
positions in each flow channel between the entrance and the exit. 
 
 
Post-processing 
 
A MATLAB image processing programme was written to analyse automatically nuclear 
and cytoplasmic NF-κB intensity in the cells from the images obtained by confocal 
microscopy:  
Each positions imaged contained two channels: DAPI and NF-κB. The location of the 
endothelial cell nuclei was defined spatially by converting the DAPI stained images 
into binary image using thresholding by Otsu method. A similar procedure was 
applied to the NF-κB stained images. After applying a Gaussian filter to reduce noise, 
a mask of the cells nuclei and cytoplasm localisation was generated as shown on 
Figure 49. With the spatial locations of the nuclei and cytoplasm separately defined, 
the programme then extracted the average nuclear and cytoplasmic NF-κB intensity 
based on the grayscale images of NF-kB staining as shown in Figure 50. 
.  
. 
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Figure 49_ Converting confocal microscopy images to binary images and automatic localisation of 
nuclei and cytoplasms  using MATLAB image processing functions. 
 
 
 
 
Figure 50_Image processing to separate  nuclear from cytoplasmic component of NF-κB from 
greyscale images intensity. 
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As shown on figure 51, various other quantifiable output could be retrieved using our 
MATLAB post-processing programme. In our result section, we used mainly the avg. 
nuclear NF-κB intensity as quantitative measurement of the experimental data. Within 
each set of experiment, all data points were normalised to the value in the first time 
point (time = 0 min) in order to compare the nuclear NF-κB intensity relative to the intial 
condition. This contributed to reduce the variations due to staining between different 
sets of experiments ensuring that results obtained from separate flow experiments, 
which had been subjected to the same experimental conditions (e.g. high or low shear), 
could be compared and statistically analysed. 
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Figure 51_ECs stained for NF-kB 30 and 60 mins after stimulation.  Our script provides a 
quantification of the  nuclear NF-kB staining intensity in each nucleus. On the bottom 
row, histograms of the average NF-kB intensity per nuclei evaluating the cells 
heterogeneity during nuclear translocation. 
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Statistical analysis 
 
Data were plotted as mean nuclear NF-κB ± standard error of the mean (SEM) using 
Graph Prism 4.0. To render the dynamic of NF-κB, a std. curve fit was superimposed 
to the data set. Analysis of variance (two-way ANOVA) was used to test statistical 
significance of the differences in time series between experimental conditions.  Results 
were considered significant when p<0.05. 
 
4.4. Computational Modelling of the NF-κB-NO pathway 
 
4.4.1. Background NF-κB - IkB feedback loop 
 
Based on the available data relating to the NF-κB signalling pathway, Hoffmann et al 
developed a comprehensive computational model of the IκB -NF-κB feedback loop, 
featuring 26 variables and 49 parameters (Hoffmann, Levchenko et al. 2002). The full 
model describes all possible reactions (i.e. association, dissociation and catalysis) 
between IκB isoforms, NF-κB and IKK. The model takes into account synthesis and 
degradation rate of each protein, as well as nuclear-cytoplasmic transport processes. 
Effect of single IκB isoform was investigated experiemtnally using knockout cell lines 
and parameters of the model were retrieved via curve fitting of the experimental 
data. All other parameter values were taken directly from literature. (Hoffmann, 
Levchenko et al. 2002) 
 
The computational model developed by Hoffmann et al established the ground work 
for our modelling of the interactions of the IκB-NF-κB signalling module. As the NF-κB 
signalling pathway has been only partly understood and is still subject to discussion, 
several other models have been developed since then. They are based on different 
interpretations of the biochemistry and kinetics underlying NF-κB -IκB interaction 
(Lipniacki et al., 2004; Nelson et al., 2004) or investigate additional regulatory 
component such as the A20 feedback loop (Lipniacki et al., 2004; Werner, 2008) 
 
Sneppen et al. initially simplified the 26-variable Hoffmann model into a seven-
variables model (Krishna, Jensen et al. 2006). From the original Hoffmann model, they 
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removed the reactions that were not significantly affecting the model response as well 
as the interactions with -β and –ε  IκB isoforms that are not in direct feedback with NF-
κB. The parameters used by Sneppen parameters were taken from the Hoffmann 
model. Detailed comparisons between the two revealed a similar core model and 
parameters used (Qi 2009). 
Based on the seven-variable model, Sneppen et al. performed further mathematical 
approximations to reduce the model to a three-variable model. In this reduced three-
variables model, Sneppen et al used the nuclear NF-κB (Nn), IκB mRNA (Im) and 
cytoplasmic IκB (I) for variables and expressed their rate of change with three 
coupled ordinary differential equations (ODEs). It provides a simple representation of 
this negative feedback loop, while preserving key features obtained in experimental 
results by Hoffmann and White et al. (Krishna, Jensen et al. 2006) 
 
 
 
 
 
 
 
4.4.2. Developing a eNOS-NF-κB model  
 
To describe the dynamics the interaction between eNOS, NO and the IκB-NF-κB 
feedback loop, we developed and implemented a new model in MATLAB. This model 
based on the previous work by Hoffmann and Sneppen consists of eleven ordinary 
differential equations describing the most important eNOS- NF-κB interactions as 
described in Figure 52. 
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Equations Description of the variable 
 
 
Nn: Nuclear NF-κB 
 
Im: IκBα messenger RNA (mRNA) 
 
I: Free IκBα protein in the cytoplasm 
 
N: Free NF-κB protein in the 
cytoplasm 
 
NI: IκB-NF-κB complex in the 
cytoplasm 
 
In: IκBα protein in the nucleus 
 
(NI)n: IκB-NF-κB complex in the 
nucleus 
 
 
 
 
 
eNOSm: eNOS mRNA 
 
 
eNOS: eNOS protein  
 
NO: Nitric oxide concentration 
 
IkK: IkK enzymatic activity  
 
Figure 52_Summary of the eleven ODEs describing the eNOS- NF-κB model. The seven-variable 
model representing the IκB-NF-κB feedback loop was adapted from previous work on NF-κB 
modelling (Krishna, Jensen et al. 2006). Four variables were added to the model to represent the 
different interactions with the eNOS pathway. 
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Description of interactions in the model  
 
 
1. Synthesis of IκBα mRNA 
 
During the synthesis of IκBα mRNA, nuclear NF-κB bind to DNA, leading to 
transcription of the iκBα gene. However, mRNA molecules are also subjected to 
degradation. The parameter values in these ODEs were obtained to curve fit the 
experimental data. 
 
 
 
Description Parameter Value 
IκBα inducible mRNA synthesis kt  1.03 uM-1 min-1 
IκBα mRNA degradation γm 0.017 min-1 
 
 
2. Free cytoplasmic IκBα protein 
 
The rate of change in concentrations of free cytoplasmic IκBα is related to translation 
of the IκBα mRNA, formation or breakdown of the IκB-NF-κB complex and IκB nuclear 
import or export. (In the Hoffmann model, interactions between IκK and IκB were also 
fully accounted for. In the Sneppen model, interactions between IKK and IκBα were 
neglected.) 
 
 
 
Description Parameter Value 
Constitutive IκBα translation rate ktl 0.24 min-1 
IκBα-NF-κB association kf 30 uM-1 min-1 
IκBα-NF-κB dissociation kb  0.03 min-1 
IκBα nuclear import kI in  0.018 min-1 
IκBα nuclear export kI out  0.012 min-1 
 
 
3. Free nuclear IκBα protein 
 
The rate of change in IκBα concentration depends on IκBα-NF-κB 
association/dissociation and IκBα nuclear import/export.  
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Description Parameter Value 
IκBα-NF-κB association kfn = kf  = 30 uM-1 min-1 
IκBα-NF-κB dissociation kbn = kb = 0.03 min-1 
IκBα nuclear import kI in  0.018 min-1 
IκBα nuclear export kI out  0.012 min-1 
 
 
4. Free cytoplasmic NF-κB protein 
 
 
 
Description Parameter Value 
IκBα-NF-κB association kf  30 uM-1 min-1 
IκBα-NF-κB dissociation kb  0.03 min-1 
IKK dependent degradation of IκB α 1.05 x IKK min-1 
NF-κB nuclear import kN in 5.4 min-1 **cf next 
paragraph 
 
 
5. Free nuclear NF-κB protein 
 
 
 
Description Parameter Value 
NF-κB nuclear import kN in  5.4 min-1 
IκBα-NF-κB association kfn = kf = 30 uM-1 min-1 
IκBα-NF-κB dissociation kbn =kb = 0.03 min-1 
 
 
6. Cytoplasmic IκBα-NF-κB complex 
 
 
 
Description Parameter Value 
IκBα-NF-κB association kf  30 uM-1 min-1 
IκBα-NF-κB dissociation kb  0.03 min-1 
IKK dependent degradation of IκB α 1.05 x IKK min-1 
IκBα-NF-κB nuclear export kNI out  0.83 min-1 
 
 
7. Nuclear IκBα-NF-κB complex 
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The rate of change in nuclear IκBα-NF-κB complex concentration is dependent on 
IκBα-NF-κB association/dissociation in the nucleus and IκBα-NF-κB export from the 
nucleus. However, IκBα-NF-κB complex cannot bind to DNA in the nucleus and 
therefore remains in the cytoplasm. 
 
 
 
Description Parameter Value 
IκBα-NF-κB association kfn = kf  = 30 uM-1 min-1 
IκBα-NF-κB dissociation kbn =kb = 0.03 min-1 
IκBα-NF-κB nuclear export kNI out  0.83 min-1 
 
8. eNOS mRNA production 
 
NF-κB acts as a transcriptional activator, which binds to the eNOS gene and stimulates 
the synthesis eNOS mRNA. In our model, we used a Hill function, with parameter n 
being the Hill coefficient that is related to the cooperativity of the binding between 
NF-κB and the DNA. The activation coefficient, Km (Michalis constant), which has the 
same dimension as concentration and is equal to the concentration of NF-kB required 
to increase the transcription of the eNOS gene by 50%. 
 
 
Description Parameter Value 
Basal eNOS mRNA transcription 
rate 
k0  0.03uM-1 min-1 
Max eNOS mRNA transcription rate k1  0.1 min-1 
Activation coefficient Km  1-100 
eNOS mRNA degradation rate d1  0.03 min-1 
 
 
 
 
9. eNOS protein  
 
 
 
Description Parameter Value 
eNOS mRNA translation rate  k2  ~ 1 uM-1 min-1 
eNOS degradation rate d2  0.001 min-1 
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10. NO production by eNOS enzyme 
 
We have seen earlier that wall shear stress (WSS) directly activates the eNOS 
enzyme via fast phosphorylation. In the range of WSS that is considered, ie between 
0 and 10 dyn/cm2, we assume that NO production is linearly related to WSS. 
 
 
 
Description Parameter Value 
Constitutive basal production rate k3 ~ 1-10 nM-1 min-1 
WSS dependent production rate p Curve fit 
Wall shear stress WSS  Input condition 
Endogenous NO degradation rate d3  Not considered 
(diffusion>degradation) 
 
 
11. IκK enzymatic activity  
 
In this equation, we assume that NO inactivates IκK phosphorylation activity by 
decreasing the concentration of active IκK enzymes. [IκK]0 is the maximal 
concentration of IκK, which still serves as an important parameter input to the system. 
Parameter q was determined from the experimental data through curve fitting. 
 
 
Description Parameter Value 
Maximal IKK activity IκK0 1uM  
NO dpt IKK enzymatic inhibition q  Curve fit 
 
 
Assumption made in the model  
The model consists of a series of ordinary differential equations describing variations 
of individual variable representing concentration of the different element in a 
simplified model of NF-κB-IκB interactions. The species are assumed to translocate 
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between nuclear and cytoplasm compartment driven by binding and reactions rate 
with other elements of the model. 
IkK was represented by a single module without consideration of the various isoforms 
of IkK that can exist on the NEMO complex. Similarly IκB isoforms were included into a 
single entity and a single reaction rate was considered between IkK and IκB. 
This simplifications is justified by the fact that only IκB-α isoform is playing a role in 
the oscillatory response of NF-κB as described before by Hoffmann et al. (Hoffmann, 
Levchenko et al. 2002). More complexe models were not found to significantly affect 
the dynamic of the core signalling module and here we assume that a reduced  version 
of Hoffmann model as described by Krishna et al. can be used to describe sensitivity 
of NF-κB-IκB dynamic to shear and nitric oxide. (Krishna, Jensen et al. 2006) 
 
The model developed here is based on several assumptions and its limitations must be 
considered. Most reactions and transport rate parameters in our model were taken 
from the experimental work and model realised by Hoffmann et al. (Hoffmann, 
Levchenko et al. 2002). In the model from Hoffmann et al., most parameters including 
proteins degradation rate (half-life) and kinetics for the interaction between IKK, IkB 
and NF-κB were taken from previous literature (Heilker, Freuler et al. 1999; Heilker, 
Freuler et al. 1999). They reported in the full description of the model some conflicting 
results between their assumptions and model predictions based on literature values 
and some of their initial results after experiments. To compensate for such 
discrepancies, parameters in their final model are based on a combination of values 
taken from previous report, range of parameters values and estimation from curve 
fitting based on minimization of the sum of squares of the differences between the 
predicted and actual responses. The parameters in the model determined from curve 
fitting were the rates of transcription and translation of IkB and the rate of NF-kB 
nuclear import. Sensitivity analysis provides insights on how error in the estimates may 
affect the system’s response, however, extensive parameter sensitivity studies was not 
performed in the original Hoffmann model (Hoffmann, Levchenko et al. 2002).  
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Testing NF-κB translocation sensitivity in the model 
 
Most of the IκB-NF-κB interactions and parameters were adapted from Sneppen 
seven ODEs model, based on the parameters determined by Hoffmann et al. The 
eleven-variable model was implemented in MATLAB and tested for different 
parameter values and initial conditions. 
 
Despite the agreement between Sneppen and Hoffmann models, Sneppen 
investigated a range of parameters which produce spiky oscillation as shown on Figure 
53. Although his model attempt to mimic the experimental plots obtained by White et 
al. (Nelson, Ihekwaba et al. 2004) in activated Hela cells, the spikiness of the response 
simulated by Sneppen appeared to be exaggerated compared to the observed 
oscillation of nuclear NF-κB in the literature.  Such response also deviates significantly 
from the damped oscillatory behaviour observed in our experimental results shown in 
Figure 67 and 68. We investigated the rationale of the selected range of parameters 
values in comparison to ours and previous experimental study.   
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Figure 53_ Simulation results for oscillations in nuclear NF-κB using the model with  Sneppen 
parameter values for the rate of nuclear translocation of NF-κB, kN_in = 5.4 min-1) 
 
 
Experimental studies, including ours report a maximal nuclear activity of NF-κB 
between 30 and 200 minutes after shaer or TNF-stimulation in ECs depending on the 
stimulus and cell types. (Figures 54, 67 and (Hoffmann, Levchenko et al. 2002; Nelson, 
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Ihekwaba et al. 2004)). Using Sneppen recommended parameters as shown on Figure 
53, nuclear NF-κB reaches its maximum almost immediately. Such a rapid translocation 
is not consistent with results obtained in-vitro including in single live-cell experiment. 
(Nelson, Ihekwaba et al. 2004) This suggests that the rate of nuclear translocation in 
Sneppen model is significantly overestimated.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
We readjusted the parameter value for the rate of nuclear translocation of NF-kB, 
kN_in, from 5.4 min-1 to 0.008 min-1. This value was determined from the estimation of 
the rate of nuclear translocation from experimental data. (Mohan, Hamuro et al. 
2003; Nelson, Ihekwaba et al. 2004) (For a first order kinetic, elimination rate k and 
half-life are related by the following equation: k= ln(2)/t1/2). This order of magnitude 
for the rate of nuclear translocation of NF-kB is similar to that of IkB, which was 
reported in Hoffmann data at 0.018 min-1. On Figure 55, it can be observed that the 
reduction in kN_in value successfully eliminated spiky behaviour from the solution and 
restored the dynamics observed in Hoffmann study. 
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Figure 54_ Representative time course of nuclear translocation of p65 in endothelial  cells 
stimulated by TNF-α (10ng/ml) (N. Foin, Tokyo).  
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Figure 55_ Simulation results for oscillations in nuclear NF-κB using revised parameter values 
(Rate of nuclear translocation of NF-κB, kN_in = 0.008 min-1) The dynamic of nuclear translocation 
of NF-κB is now comparable with Hoffmann data shown on the right. (from Hoffmann model) 
 
Sensitivity on IKK activity 
 
In the model, the concentration of active IKK is inversely dependent on the levels of 
NO concentration. We found from the model simulation that the concentration of IKK 
plays an essential role in controlling the damping of the oscillation during the transient 
NF-κB response, as well as the steady-state solution. Our model is based on the 
hypotheses from previous experiments reporting a lower IKK activity in presence of 
elevated NO concentration such as in high shear flow. Figure 56 shows that as active 
IKK concentration increases, damping of the NF-κB response increases during the 
transient response.   
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Figure 56 Graph of Concentration of Nuclear NF-kB/µM against Time/min. 
Simulation results for oscillations in nuclear NF-κB using different concentrations of IκK 
(normalised to time t0) 
 
 
The bifurcation diagram in Figure 57 shows how after the initial transient response, the 
steady-state solution for nuclear NF-κB concentration increases with the level of IKK 
activity. When the concentration of IKK increases, the system get an equilibrium with a 
higher rate of IKB protein turnover, hence more NF-κB are liberated and may 
translocate into the nucleus until most of the NF-κB is in the nucleus. 
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Figure 57_Dependence of steady-state solution for nuclear NF-κB concentration/µM on IκK 
concentration/µM Note that the dependence on IKK activity is particularly pronounced at lower 
concentrations of IKK.  
 
Finally, a set of initial conditions was adapted from previous computational model to 
our experimental conditions.  
According to the chosen set of initial conditions, the concentration of nuclear NF-κB 
started with 0.3 uM, while the concentration of cytoplasmic NF-κB was 0.7 uM. The 
solution curves were normalised to the initial condition for nuclear NF-κB concentration. 
Following this normalisation procedure, the results of the model are expressed as 
relative nuclear NF-κB concentration with respect to time, which can be directly 
compared with results obtained from the in vitro flow experiments. 
 
 
Figure 58_Simulation results for the relative concentration of nuclear NF-κB for different high and 
low shear flow stimulation 
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4.5. Model of NO production & transport 
 
 
Several numerical models of arterial mass transport have already been developed 
modelling in-vivo and in-vitro conditions. Transport of species such as ATP, LDL or 
oxygen have been shown to potentially lead to mass transport boundary layer with 
concentration polarisation for these species both in models flow chambers (David 
2003) as well as in 3D in-vivo geometry (Kaazempur-Mofrad 2001; Wada 2002; 
Comerford 2008)   
 
NO production and transport have also been investigated in several computational 
models:  Lancaster (Lancaster 1994) developed one of the first numerical model of 
NO transport. His model considered the spatial distribution of NO between ECs and 
SMC layer depending on diffusion and the effect of scavenging rate. Several other 
similar theoretical and CFD studies have investigated NO transport in-vitro or in-vivo, 
predicting a large effect of convective transport in the availability of NO and the 
development of boundary layers with NO concentration gradients. (Vaughn, Kuo et al. 
1998; Kavdia, Tsoukias et al. 2002; Fadel, Barbee et al. 2009), for review see (Buerk 
2001).  
 
Accurate measurement of NO concentration in-vivo or in-vitro is difficult: Kanai (Kanai, 
Strauss et al. 1995) manage to measure the NO produced by ECs in a flow chamber 
under various flow rate with an NO electrode. They could measure bursts of NO with 
an electrode placed on the opposite side of the EC monolayer suggesting a high 
diffusion coefficient of NO in the media but a lower reaction rate than often 
suggested in the literature. From their measurements, they showed that there was a 
linear relationship between WSS and the NO measured. 
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Model  
 
A CFD model of NO convection-diffusion in our flow chamber was developed. (A. 
Plata-Garcia/ E. Chang).  Boundary conditions were selected to mimic the 
experimental condition in the flow chambers and a range of parameters available 
from the literature was tested. Extensive simulations of shear stress and NO mass 
transport in the chamber have been realised to mimic different experimental 
conditions. Concentration profile of NO in the flow chamber was found sensitive to a 
wide range of parameters. (for a complete description see (Plata-Garcia 2009)) 
 
 
In the flow chamber, NO transport is determined by the governing convection-diffusion 
equation: 
 
 
where CNO represent the concentration of NO, v represents the velocity field, D the 
diffusion coefficient of  NO in the media, and VNO its reaction rate with the media. 
The NO concentration at the boundary wall is determined by the equilibrium between 
shear stress dependent production of NO and its removal by diffusive and convective 
transport.   
 
 
 
 
 
Figure 59_Model of nitric oxide convection diffusion in the flow chamber. NO produced in the 
endothelial cells diffuse into the chamber and is then convected by the flow. (adapted from (Kanai, 
Strauss et al. 1995) 
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Results 
 
 
 
Figure 60-A_Representative result of the computed Boundary layer of NO concentration along an 
Ibidi luer 6 flow chamber with a shear stress of 2 dyn/cm2. (from (Plata-Garcia 2009) 
 
 
For a given rate of NO production and with no reaction rate of NO in the media, the 
thickness of this boundary layer is inversely proportional to the flow rate (Peclet 
number). CFD simulations show that with NO production dependant on shear stress and 
NO being scavenged quickly in the media, the concentration of NO at the endothelial 
surface is related to shear stress in a non-trivial way. Increase in shear stress (Peclet 
number) results in an increase in the rate of NO production but also in an increase in 
the convection of NO from the chamber (Plata-Garcia 2009). 
When diffusion of NO from its production site is lower than its convection by the flow, 
the concentration of NO at the wall decreases. If on the other hand, the production 
rate is high enough so that the convection is lower than the diffusion from the cells to 
the fluid, NO concentration at the wall will increase. 
 
For a given flow rate (Peclet number), the thickness of the mass transport boundary 
layer is mainly dependent on the WSS dependent NO production by the endothelium 
and the reaction rate in the media (k). Within the range of parameters of the different 
experiments, a NO concentration boundary layer develops along the flow chamber 
such as shown on Figure 61.  The difference in the concentration of NO at the wall is 
expected to be significantly higher (up to 3 fold) downstream of the chamber 
compared to the upstream part. (Plata-Garcia 2009) 
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Figure 61_ Profile of NO concentration at the surface of the endothelial layer for two different 
values of shear stress. (simulation with Wo=50, model from (Plata-Garcia 2009). Concentration 
profile is affected by convective transport along the chamber. 
 
Effect of NO transport on computational results 
 
 
In order to take into account the effects of nitric oxide mass transport within the flow 
channel, the concentrations of NO set as initial boundary condition was varied 
according to the concentration profile for nitric oxide computed from Computational 
Fluid Dynamics of NO transport. The concentration of nitric oxide increases from 
positions 1 (near the entrance of the flow) to 4 (close to the outlet). By approximating 
the CFD results with a boundary layer creating a difference in concentrations from 
positions 1 to 4 of 20% between each successive position, we obtained the simulation 
for the four positions as in Figure 62 and 63. 
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Figure 62_ Simulation results for the relative concentration of nuclear NF-κB at the four different 
positions along the flow chamber taking into account an effect of an NO concentration boundary 
layer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
63_ Simulation results for the relative concentration of nuclear NF-κB at the four 
different positions along the flow chamber with complete inhibition of NO. (black 
dashed line)  
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4.6. Results from the in-vitro experiment 
 
Shear induced NF-κB translocation  
 
Figure 64 illustrate a typical translocation of NF-κB from the experiment. The 
proportion of NF-κB in the cytoplasm of cells is lower when NF-κB translocates and is 
mainly present in the nucleus.  
Interestingly, in the first experimental series, NF-κB failed to shuttle into the nucleus, 
regardless of which shear level was used to stimulate the cells. Our experience (data 
not shown) showed that flow induced nuclear translocation of NF-κB was inhibited in 
vitro when the endothelial cells grow post-confluent; therefore, all experiment were 
run with 90% confluent ECs.   
 
                   
Low nuclear NF-κB intensity High nuclear NF-κB intensity 
 
Figure 64_Confocal microscopy images of ECs stained for NF-κB. In static ECs (on the left), NF-κB 
remains in the cytoplasm. After exposure to flow or pro-inflammatory stimuli, NF-κB translocate to 
the nucleus (as shown on the right) 
 
 
 
 
NF-κB activation by flow is dependent on shear stress magnitude 
 
PAECs exposed to laminar shear stress for different time points and locations in the 
flow chamber (Figure 65-66) revealed a translocation of NF-κB that depends on 
shear stress magnitude.  Low shear stress (2 dyne cm-2) produced a sustained 
translocation that was maintained even after 330 mins.  ECs exposed to high level of 
shear stress (10 dyne cm-2) underwent, on the opposite (Figure 66), only a transient 
nuclear translocation of NF-κB.  Maximum levels of nuclear NF-κB occurred between 
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30 and 60 mins and NF-κB activity returned to its basal level (time 0) after about 120 
minutes. A second less significant transient activation was observed between 240 and 
270 mins, suggesting a damped oscillatory NF-κB response in the ECs.  (Figure 67) 
 
 
 
 
 
Figure 65_ Representative experiment with immunostained ECs along 4 positions equally spaced 
along the flow chamber, at 3 different time points from the same experiment.  Exposure of cultured 
ECs to laminar shear stress (2 dyne cm-2) results in translocation of NF-κB to the cell nuclei. The 
dynamic of the translocation is affected by both time and location in the flow chamber. 
 
 
Figure 66_Time series of nuclear NF-κB in ECs exposed to low shear (2 dyne cm-2), high shear (10 
dyne cm-2 ) and left as static control (average of min. 3 experiments). ECs exposed to high shear 
undergo transient nuclear translocation. On the opposite, exposure to low shear produces a more 
sustained NF-κB translocation.  (n>3, data plotted as +/- SEM with 4 data points per experiments. 
Anova analysis of the difference btw high and low shear exps: p<0.001***) 
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NF-κB dynamic depending on the position in the flow chamber 
 
Individual experiments also revealed some degree of variation comparing the position 
taken along the flow chamber. Analysis by two-way ANOVA of NF-κB dynamic at 
each position along the chamber revealed statistically significant difference between 
positions in the low shear experiment, (p=0.02*) but not significant in the high shear 
experiment. In low shear experiments, activation was gradually reduced when moving 
downstream along the chamber. This difference in positions was, however, not 
statistically different for all individual data points. (Bonferroni post tests).   
 
 
 
 
 
Figure 67_Comparison of the dynamic of NF-κB in ECs exposed to low or high WSS  for the 4 
different positions along the flow chamber. (Means of n>3 +/- SEM)   The difference in position 
was not significanty different in the high shear experiment. In the low shear experiment, there was 
a stat. significant reduction of activity comparing entrance and exit of the flow chamber. Difference 
for each individual time point was however not significant.    
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NF-κB shear dependent response is modulated by Nitric oxide  
 
To investigate if the difference NF-κB dynamic observed with the high and low level 
of shear was caused by a shear dependent nitric oxide production and transport, we 
reproduced our previous experiment using eNOS inhibitor L-NAME. 
When L-NAME wad added to the circulating medium, there was no longer statistical 
difference between low and high shear experiments. In figure 68, we observe that 
adding L-NAME to high shear experiment significantly increased the duration and 
magnitude of the activation of NF-κB, mimicking the results obtained in the low shear 
experiment.  
This suggests that a nitric oxide dependent mechanism may underlie the difference in 
NF-κB response observed with high and low shear stress.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 68 Comparison of the dynamic of NF-κB in ECs exposed to high WSS with L-NAME 
compared to high WSS only for the 4 different positions along the flow chamber. (Means of n>3 
+/- SEM) Addition of L-NAME to the high shear experiment inhibit effect of high shear on return of 
NF-κB to the cytoplasm. 
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Is NF-κB activity induced by low shear stress inhibited by NO-donor ? 
 
Results from previous studies suggested that NO-donor inhibits the translocaton of NF-
κB. (Rogers and Fuseler 2007) To test this in our experiments, we added dPTA/NO, a 
nitric oxide donor in our circulating medium. Preliminary results from pilot experiments 
involving low shear stimulation in conjunction with the use of dPTA/NO did not show 
however a significant reduction of the level of NF-κB translocation into the nucleus. We 
used dPTA/NO at 10 µM concentration as recommended in previous report. 
(Grumbach 2005) The kinetics of NO release by dPTA/NO is complex. In PBS, 
dPTA/NO has a half-life of about 4 hrs (Griveau 2007), such slow release NO-donor 
have been shown to be less efficient in inhibiting  IκK activity and NF-κB nuclear 
translocation. (Rogers and Fuseler 2007) 
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Figure 69_Representative inhibiton of NO intracellular concentration by L-NAME 
measured by DAF probe. ECs have been stimulated for NO production by 
ionomycin (3 uM) in presence or absence of L-NAME. 
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Long term shear regulation of NF-κB activity and relation to eNOS protein level 
 
Several studies showed the upregulation of eNOS protein by shear stress. (Davies 
1995; Cheng, van Haperen et al. 2005) NF-κB has been previously shown essential in 
the shear upregulation of eNOS through by binding of the NF-κB dimer to the shear 
responsive element in eNOS promoter.(Grumbach 2005) Consequently, our hypothesis 
suggests that as shear amplifies the eNOS-NO pathway, it also produce a negative 
feedback control to inhibit the NF-κB pathway.  
 
eNOS shear upregulation is a slow process and there is a delay of several hours after 
the onset of shear before the upregulation of eNOS protein. (Ranjan, Xiao, and 
Diamond, 1995; Davis et al., 2001)  To investigate the effect of shear on eNOS 
expression and mimick closer physiological conditions in vivo, we performed long term 
experiments with shear exposure lasting up to 44 hrs.  
In this experiment, cells were primed first during 22 hrs with low shear. This priming 
allows time for the NF-κB response to stabilise to a steady-state (see Model results).  
Our experimental study results showed activation of NF-κB in ECs after the 22 hrs 
priming by low shear stress, compatible to studies in vivo (Partridge 2007; Won, Zhu 
et al. 2007; Cuhlmann 2009) and to our steady-state results in the simulation of the 
NF-κB-NO model. After a 2 hrs increase in shear stress to 10 dyne/cm2 NF-κB start to 
shuttle back to the cytoplasm and after 24 hrs this process was completed.  During that 
time we see on Figure 70 that eNOS expression increased steadily. This experiment 
confirms that NF-κB-NO feedback is valid not only during acute experiment but also in 
long term flow studies which involves other regulatory mechanism of eNOS expression 
and NO production. 
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Figure 70_Preconditioning of endothelial cells with low shear stress (22 LS:2 dyne/cm2)) for 22 hrs 
results in a partial activation of the NF-κB pathway as described before [Mohan 97]. A step 
increase in shear stress (10 dyne/cm2) for 2 hours (22LS+2HS) results in the shutteling of nuclear 
NF-κB back to the cytoplasm. Meanwhile we can observe an increase in eNOS expression. After 24 
hrs of high shear stress, the nuclear activity of NF-κB is completely silenced while eNOS expression 
is further up-regulated. 
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Modeling of the NF-κB –eNOS interaction mimics our experimental findings 
 
Through our in vitro flow experiments, we have demonstrated that nuclear 
translocation patterns of NF-κB in response to high and low shear stimulations differ 
qualitatively and quantitatively. High shear stress stimulation increases NO production, 
which then inhibits IκK phosphorylation activity, hence decreasing the activation of NF-
κB and nuclear localisation. On the other hand, low shear stress results in lower 
inhibition of IκK activity, which leads to a higher proportion of NF-κB remaining active 
into the nucleus. These experimental findings are further supported by simulation 
results generated by our model of the interaction between eNOS and the IκB- NF-κB 
signalling module. A comparison between experimental and MATLAB simulation results 
is shown in Figure 71.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Experiment Model
Figure 71_ Experimental results compared to our computational model of the NF-κB eNOS pathway. 
Shear dependent Nitric oxide production and transport influence the dynamic of NF-κB by producing 
different intracellular NO concentration. Our model showed that taking into account the effect of NO 
mass transport boundary layer (NO effect is assumed to increase by 20%  between each positions) 
produces a similar effect on the NF-κB response than in our experimental  results. 
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Using L-NAME with high WSS flow stimulation, our hypothese was that the inhibition of 
NO by L-NAME would suppress the high WSS induced increase in NO production.  
We anticipated therefore with L-NAME a low NO concentration, a therefore similar 
results to the low WSS experiment.   
Our experimental results confirmed the expected dynamic from the model simulations : 
adding L-NAME to the growth medium in conjunction with high shear stress lead to a 
prolonged activation of NF-κB in the nucleus similar to a low shear stimulus. (see Figure 
72) 
In addition we observed from the model simulation that inhibiting NO production 
predicts the suppression of the difference in positions that was induced by NO 
transport. In the experiment, when L-NAME was added there was no statistical 
significant difference in the dynamic observed at the 4 localisations in the flow 
chamber. (black curve) 
 
To summarise, NF-κB nuclear translocation patterns with high WSS and L-NAME 
mimicked our results obtained from low shear flow experiments. This supported our 
current hypothesis that nitric oxide is modulating the eNOS - NF-κB pathway response 
to different levels of WSS.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Model Experiment
Figure 72_ Model prediction of the dynamic of nuclear NF-κB in ECs exposed to high WSS only (red curve) 
versus high WSS with L-NAME (black curve) along the position of the flow chamber. Our NF-κB eNOS 
simulation predicted that inhibition of NO would suppress the inhibitory effect of high WSS on IKK. 
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Summary 
 
 
 NF-κB gets activated in ECs exposed to acute shear stress. Low level of WSS 
induces a more prolonged nuclear activation than normal/high WSS. Activation under 
low WSS can be rapidly reversed (within hrs) by increasing WSS suggesting a rapid 
inhibitory mechanism induced by high WSS level.     
 
 Experiments using L-NAME demonstrated that the shear stress modulation of 
NF-κB activation is partly caused by shear dependent nitric oxide production and 
transport.  
 
 Simulations of our NF-κB-NO model predicted such dynamics based solely on 
NF-κB and eNOS interacting with each other to adjust with their shear stress 
environment through a negative feedback mechanism controlled by NO level.   
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4.7. Discussion 
 
 
Importance of NO in the regulation of vascular inflammation by WSS 
 
Wall shear stress and the eNOS-NO pathway are important modulators of ECs 
inflammation.  WSS modulates the dynamics of NF-κB translocation into the nucleus 
(Mohan, Mohan et al. 1997; Nagel, Resnick et al. 1999), the dynamics of Iκb-α 
breakdown (Mohan, Mohan et al. 1997; Mohan, Mohan et al. 1999; Mohan, Mohan et 
al. 1999; Hay, Beers et al. 2003), and IKK activity (Hay et al., 2003a; Mohan et al., 
2003b).  
Similarly NO can regulate, independently of WSS, the activity of the NF-κB pathway 
by nitrolysation of IKK (Marshall, 2000, 2004; Reynaert et al., 2004) and p65 
nitrosylation affecting nuclear binding (Grumbach 2005). Similar inhibitory effect on 
NF-κB activity exist between shear stress and NO. In a previous paper, NF-κB DNA 
binding activity induced by low shear stress could be inhibited in cells overexpressing 
eNOS, mimicking the result obtained at high shear stress. (Mohan, Hamuro et al. 2003; 
Mohan, Hamuro et al. 2003)  
 
As WSS is tightly regulating NO production via a fast responsive calcium dependent 
activation and phosphorylation of eNOS and a slow response mechanism involving the 
upregulation by WSS of eNOS protein expression, the separate effects of WSS ond 
NO on ECs are not always clear. In this study, we have combined a systems biology 
model and experiments to discriminate if the effect of WSS of NF-κB was modulated 
essentially through WSS dependent eNOS-NO production.  
In the model, we assumed that shear stress affects NF-κB dynamics solely through a 
NO dependent S-nitrosylation of IKK proteins. The model predicted a different effect 
on NF-κB dynamics with two shear stress levels. We tested the hypothesis of our model 
simulations in a well-controlled flow chamber experiment.  
 
In our experiment, we showed that inhibition of NO production in cells exposed to high 
WSS micked our results obtained in low WSS experiments. These results suggest that 
different shear stress level modulate NF-κB dynamics through NO concentration.  
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NO targets a large number of proteins via S-nitrosylation.  Microarrays evaluation of 
the independent role of NO and WSS on gene expression showed that most WSS 
dependent genes are actually dependent in fact just on NO.  (Braam, de Roos et al. 
2005) Furthermore, NO have been shown to have a temporal damping effect on all 
genes transcription. (Braam, de Roos et al. 2004; Braam, de Roos et al. 2005)  This 
mechanism may be of importance in the function of NO as a regulator of ECs 
homeostasis and should be considered when evaluating WSS effect on whole gene 
expression such as with micro-arrays.  
Given the importance of NO in inflammation and cardiovascular function, 
understanding the signalling pathway by which WSS and NO protects against 
atherosclerosis proliferation may help us identify possible new or more specific target 
for drug treatment. 
 
 
 
 
 
Relevance of NO transport in-vivo 
 
It is today still hardly known whether convective transport of nitric oxide can occur in 
the circulation in-vivo.  
 
NO diffusion from the ECs into the SMC layer is the ground mechanism for arterial  
vasoregulation. As the endothelium is in direct contact with the flowing blood, NO 
diffuses also from the ECs into the lumen, where it is immediately convected away by 
blood flow.   
 
Some studies suggest that because of a high scavenging of NO by free haemoglobin, 
NO transport in blood can not be significant. (Carlsen and Comroe 1958; Buerk 2001) 
In reality, haemoglobin in blood is contained within the red blood cells which create a 
diffusion barrier with the blood (Vaughn, Kuo et al. 1998). In addition the RBC are 
concentrated in the center of the blood vessels by the well known Fahraeus-Lindqvist 
effect.  
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 Experiments by Liao (Liao 1999) with pig vessels perfused with either free Hb or 
whole blood showed that physiological concentrations of RBCs does not inhibit 
significantly NO-mediated vessel dilation, suggesting that NO is not entirely scavenge 
in physiological solution.  
In addition, in the presence of oxygen and other radicals, NO degrades into nitrite 
and nitrate. Despite this, nitrite and nitrate, which are much more stable than NO, 
react in solution to reform NO and may play the role of NO reservoir. These chemicals 
are actually commonly used by cardiologists as vasodilator in the treatment of angina.  
 
 
Furchgott, Ignarro and others originally discovered that NO was the mediator of 
vasorelaxation in blood vessels. In their experiments, they investigated the half-life of 
Endothelium Derived Relaxing Factor (EDRF) by perfusing segment of arteries with 
endothelium (Furchgott 1983; Griffith, Edwards et al. 1984) or cultivated endothelial 
cells (Cocks, Angus et al. 1985) and measuring the relaxation of arterial strips without 
endothelium downstream from it. By changing the distance between the donor segment 
and the measuring segment and thereby the average transit time of flow, they 
discovered that the half-life of the EDRF in the perfusate was in the order of 5 
seconds, the same as when free Nitric Oxide was used. (Furchgott 1989), for review 
see (Ignarro 1989; Moncada 1991) Several similar experiments lead to the 
suggestion that EDRF was actually NO. (Ignarro 1989) These experiments showed that 
NO can be stable for several seconds in physiological fluids, allowing sufficient time 
for it to be convected over relatively large distance. (Furchgott and Ignarro received 
the Nobel Prize in 98 for this discovery) 
In solution, NO half-life is on the order of seconds  (Stamler 1992). In tissue, NO is 
highly reactive but values reported in literature vary considerably. NO half-life 
determines the distance away from its synthesis site over which NO can diffuse and 
effect various biochemical pathways (based on NO half-life, the sphere of influence of 
NO in tissue is on the order of 250 uM, far greater than the dimension of a single cell 
~5 uM radius).  
The distance over which NO diffuses away in blood vessels and how haemoglobin 
affects NO diffusion in-vivo remains however unclear.  
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The association between Reactive Oxygen Species (ROS) and atherosclerosis has been 
well established (Cunningham and Gotlieb 2004). ROS production and eNOS activity 
have been shown to be interdependent: NO is a well accepted anti-oxidant that can 
avidly scavenge ROS (Stamler, Singel et al. 1992; Wink 1998) and uncoupled eNOS 
activity in diseases state can significantly contribute to ROS production. (Cunningham 
and Gotlieb 2004; Jo 2006) 
 
 
Relevance of the NF-κB - eNOS feedback in the shear dependent localisation of 
atherosclerosis  
 
The primary role of NF-κB activation and the immune response is to level-up defensive 
mechanism and NF-κB activation is essential in protecting the cells against various 
cytotoxic stresses. Baltimore group showed that p65 translocation is required to 
protect cells from TNF-alpha cytokine. Cells deficient of p65 do not survive exposure 
to TNF-alpha cytokine compared to wild type and such effect can be prevented by 
transient transfection of p65. (Beg 1996)  
Inversely, excessive or prolonged activation of this pathway leads also to cell 
degenerescence and apoptosis (Baeuerle and Baltimore 1996; Beg 1996).   
 
Evidences of the upregulation of the transcription factors of inflammation by WSS 
lead to the hypothesis that regulation of NF-κB transcription factors is responsible for 
the flow-dependent distribution of atherosclerosis in-vivo and that inhibition of NF-κB 
may results in reduced atherosclerosis.  
Contrary to expectation, inhibiton of NF-κB activity in apo-/- mice is associated with 
increased atherosclerosis. (Schreyer, Peschon et al. 1996; Kanters 2003). Surprisingly, 
prolonged or increased NFkB activity via inhibition of A20 feedback also produced 
more extensive lesion in apo-/- mice. (Idel, Dansky et al. 2003)  
 
Long term exposure to high WSS create an anti-inflammatory phenotype by 
upregulation of athero-protective gene eNOS and downregulation of pro-
inflammatory transcription factor NF-κB.  However, it is still unclear if NF-κB inhibition 
is an interesting strategy to reduce atherosclerosis. Answering this question may give 
insight for designing efficient anti-inflammatory drugs that target only the detrimental 
part of the inflammatory process.  
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Importance of kinetics for gene regulation  
 
Previous studies suggested that the functional consequences of NF-κB signalling may 
depend on the frequency, period and amplitude of NF-κB activation (Hoffmann, 
Levchenko et al. 2002; Nelson, Ihekwaba et al. 2004) In other term, the dynamic of 
nuclear activation of NF-κB may produce a selectivity in the transcriptional regulation 
of -κB targeted genes. This has been confirmed in recent studies (Werner, Barken et 
al. 2005; Ashall, Horton et al. 2009) in which modeling and experiments show how 
sustained or transient NF-κB transcription factor kinetics can trigger different 
inflammatory proteins. 
 
Interstingly, NO as well as NF-κB, seems to have various and sometimes contrary 
effects on the mechanisms involved in the immune response (Bogdan 2001) or vascular 
homeostasis and function. (Loscalzo 2000)  
Transcription factors kinetics may therefore be important to understand their role in the 
overall response of ECs to various stimuli: 
In our case, the eNOS-NF-κB expression adapt to the level of WSS. NF-κB has been 
shown to be one shear responsive transcription factor involved in ECs gene expression. 
But other transcription factors such as KLF-2, c-fos or Egr-1 are also regulated by 
shear stress (Resnick, Yahav et al. 1997; Nagel, Resnick et al. 1999) and 
understanding eNOS shear regulation might require a extensive study of the kinetics 
of the interaction on eNOS promoter between NF-κB and other transcription factors.  
 
 
 
White et al. have shown that IκB negative feedback is responsible for driving the 
oscillations in NF-κB translocation (Nelson, Ihekwaba et al. 2004). Single-cell time-
lapse imaging of the IκB-NF-κB pathway confirmed the presence of asynchronous 
oscillations following the stimulation of the Hela cells by TNF-α. The amplitude and 
frequency of NF-κB shuttling was dependant on the nature and duration of the stimuli. 
(Nelson, Ihekwaba et al. 2004; Werner, Barken et al. 2005).   
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Several studies revealed oscillatory behaviours in gene expression and transcriptional 
factor activity. Such behaviours are characteristic of negative feedback loop control. 
(Tiana 2007)  
Negative feedbacks are designed to damp fluctuations in the response of a system to 
a perturbation modifying its input which is often useful in system control to maintain 
equilibrium. Feedback loop mechanisms are common in biology for maintaining 
homeostasis. Hormones, glucose level or arterial pressure regulation are only few of 
many examples involving a feedback control. Cells are using feedback loop to 
provide stability and homeostasis by limiting the range of fluctuations in their activity 
and downstream genes. (Becskei 2000) In fact, experiments on bacteria revealed that 
~40% of all transcription factors are autoregulated by a negative feedback. 
(Rosenfeld 2002) 
This work and others before (Buga, Griscavage et al. 1993; Grumbach 2005) suggest 
that eNOS and NF-κB are also part of a regulatory feedback loop that is controlled 
by NO concentration.  
 
 
Such feedback mechanism may be important considering the evidences of the central 
role of both eNOS and NF-κB in atherosclerosis (Ross 1999; Libby 2002; Monaco and 
Paleolog 2004) Model simulations as suggested here may provide insights to 
understand the dynamic of such complex regulation. 
 
 
 
 
 
 
 
4.8. Conclusion 
 
 Kinetics of nuclear translocation of NF-κB in ECs is dependent on the magnitude 
of the applied shear. High WSS produced more transient and oscillatory NF-
κB activation than low WSS.  Lower shear stress results in a higher IκK activity, 
which leads to a higher proportion of NF-κB shuttling into the nucleus.  
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 Our in-vitro experiment showed the role of shear and intercellular NO 
transport on NF-κB dynamic and we showed how the different nuclear 
activation patterns observed under low and high shear stress can be explained 
by a shear stress and mass transport dependent NO inhibition of the IKK 
activation.  
 
 These experimental findings were further supported by simulation results 
generated by our computational model of the eNOS-IκB- NF-κB signalling 
pathway. By comparing our model results with the experiment, we showed that 
the dynamic of NF-κB under different shear level can be simulated using a 
simple model of NF-κB – NO interactions.  
 
 Furthermore we suggest an effect of NO mass transport that could be relevant 
for explaining in-vivo focal distribution of arterial inflammation and 
atherosclerosis.  
 
 Evidences from our study and previous work suggest that by modulating NF-κB 
dynamic in the nucleus and thereby controlling some specificity in its response, 
NO is critical in the control of NF-κB and inflammation in ECs.  NO functions as 
modulator of the immune response and impaired NO production in ECs caused 
by low shear stress or disease affects the balance between pro- and anti-
inflammatory which may contribute to the development of atherosclerosis. 
 
Given the importance of NO in vascular function and the role of inflammation in 
atherosclerosis, understanding the interaction between NO and NF-κB might provide 
insights into the protective mechanism of shear and help in the design of new drugs 
against arterial diseases.  
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Chapter 5 
 
Investigation of the Relationship Between Arterial 
Flow Pattern, Wall Shear Stress and Endothelial Cell 
Physiology using Realistic Human Artery Models. 
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Figure 73_ Left: Mouse aortic arch image by MRI (Varian Micro MRI, CineFlash sequence, 
Biomedical Imaging Center, Hammersmith Hospital) Right: Atherosclerosis lesion localisation in 
cholesterol fed mice (oil red staining, from (Won, Zhu et al. 2007)) In-vivo blood flow patterns are 3 
dimensional and non-steady with secondary flows that affect greatly wall shear stress and 
residence time distribution, all of which can be hard to mimic in parallel plates flow chambers 
experiments.  
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Abstract 
 
Purpose 
Hemodynamic factors determine the focal distribution of atherosclerosis in-vivo. The 
endothelium has been identified as the sensor and modulator of biomechanical forces 
and in-vitro 2D perfusion experiments in flow chambers have attempted to identify the 
key mechanisms underlying endothelial cells (ECs) response to flow. However, 
important features of the flow in-vivo such as secondary flows are hardly reproducible 
in 2D in-vitro models. We investigated the feasibility of building realistic in-vitro 
synthetic 3D model of artery coated with ECs. Precise mapping of endothelial 
response to local flow may bring better insights on the relation between hemodynamic 
factors and endothelial cell function.     
 
Methods 
Silicon models were realised by dipping arterial casts into liquid sylgard (Dow 
Corning) or by polymer extrusion. Porcine Aortic Endothelial Cells were seeded in the 
silicon phantom and cultivated to produce realistic synthetic 3D arterial models. The 
models were then perfused in an incubator at physiological levels of shear stress for 
48 hrs and protein level of transcription factors KLF-2 and NF-κB was assessed by 
immunostaining.  
 
Results 
Several synthetic models were realised with simple straight and curved geometry 
mimicking arterial flow. Perfusion experiments showed the cell realignment with shear 
stress and we demonstrated the downregulation of NF-κB and the upregulation of 
KLF-2 after 48 hrs of 10 dyn/cm2 shear stress. Nuclear activation of NF-κB could be 
observed after 48 hrs of 2 dyn/cm2 shear stress suggesting that low WSS promotes 
sustained inflammatory response. 
 
Conclusion 
This chapter present a technique to realise in-vitro synthetic model of artery. Such 
technique could be employed for studying more realistically in-vitro the relationship 
between flow pattern and endothelial biology existing in-vivo.   
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5. 1.  Introduction 
 
 
In the human circulation, atherosclerosis plaques have been recognised to develop in 
the inner wall of curved artery and bifurcation, co-localising with areas of low Wall 
Shear Stress (WSS), impaired mass transport and increased near wall residence time. 
(Ethier 2002; Caro 2009) 
 
Several attempts have been undertaken to mimic the in-vivo arterial flow conditions in-
vitro. Perfusion studies reproducing effect of shear stress on cultivated ECs in flow 
chambers significantly increased the level of understanding of ECs flow 
mechanotransduction and its relationship to atherosclerosis initiation. (for review, see 
(Resnick and Gimbrone 1995). Many genes have been shown to be shear dependent 
(Nagel, Resnick et al. 1999), however, despite a tremendous amount of available 
data, the exact mechanism underlying the preferential localisation of atherosclerosis 
remains unknown.  
 
3-dimensionality of arterial geometry produces flow profiles that are asymmetric and 
contain cross-sectional secondary flows.  Secondary flows create area of stagnation 
and flow reversal with cross-sectional gradients in WSS and mass transport  (Caro, 
Doorly et al. 1996; Ethier 2002) which can be hardly mimicked using conventional 
parallel plate flow chambers. 
 
Mapping of the endothelial biology and flow profile in a realistic 3D model human 
artery may be of value in discriminating the physiological mechanisms accounting for 
the local variation in endothelial physiology and disease in-vivo.  
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5.1.1. Background  
 
Imaging and reconstruction of flow in regions prone to atheroma revealed the 
presence of secondary velocity field which induce flow separation, regions of 
stagnation and cross-sectional gradient in wall shear stress. 
In-vitro experiments using cultured endothelial cells in parallel plate flow chambers 
have been used to mimic the effect of acute shear exposure or to differentiate the 
effect of different WSS level. Confusing results have been found and such experiments 
have evolved from parallels plates mimicking simplistic laminar flow to more complexe 
flow model including shear gradient and Pulsatile flow. (Bao, Lu et al. 1999; Friedman 
2006; Himburg, Dowd et al. 2007) Some studies focused on reproducing in flow 
chambers the precise local flow waveform found in atheroprotected or atheroprone 
areas (Dai, Kaazempur-Mofrad et al. 2004) while others developed more elaborated 
devices such as back step flow chambers to imitate area of separation and 
recirculation.  (Bao, Lu et al. 1999; Nagel, Resnick et al. 1999; Won, Zhu et al. 2007)  
In-vitro experiments have brought great insights in the field, revealing that endothelial 
cells phenotype is dependent on shear stress level, flow waveform, pulse frequency, or 
gradient in shear. (Chien 1998; Bao, Lu et al. 1999; Gimbrone 1999) 
 
Calcium response is one of the most reported acute response to shear.  Calcium 
response is involved in numerous intra-cellular signalling pathway and is one of the 
most important signal of ECs response to shear forces. (Davies 1995)  Interestingly, 
shear stress level has been shown in-vitro to affects both Ca2+  average level as well 
as the frequency of the calcium spikes. (Figure 74) and (Helmlinger, Berk et al. 1996). 
In a very interesting and innovative study, Dolmetsch and other showed a Frequency 
Modulation of different genes expression to calcium oscillations frequencies. 
(Dolmetsch, Xu et al. 1998) 
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In-vivo flow can, however, be so complex that the description of atherogenic flow 
pattern is still a subject of controversies.  For example some studies revealed that 
endothelial nitric oxide synthase, one of the most important enzyme in ECs physiology, 
reacts quite differently to reversing oscillatory versus unidirectional low flow. (Ziegler, 
Silacci et al. 1998; Cheng, van Haperen et al. 2005).  
Previously, we presented preliminary results in simple arterial models showing that 
pulsatile flow in curved geometry can produce complex secondary flow patterns 
inducing a region of stagnation and separation on the inner wall of the bend with 
oscillatory flow. (cf. chapter 3) One of the major limitations of 2D parallel plate 
experiments is that they do not include secondary flow fields. Secondary Flows are a 
major feature of the flow in arteries and both theoretical an experimental works 
showed that secondary flow vortices are particularly important for blood flow mixing, 
blood-wall mass transfer and WSS distribution. (Caro, Doorly et al. 1996; Ethier 
2002)  
Intracellular calcium under 10 dyn/cm2 (upstream experiment) 
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Figure 74_Illustrative variation in intracellular calcium concentration measured by Indo-1-AM in  
individual endothelial cells exposed to a step in flow. (N.Foin, unpublished) 
As shown previously (Helmlinger, Berk et al. 1996), Shear stress produces intra-cellular calcium 
spikes which frequency is dependent on the shear magnitude.  
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Pulsatility makes also challenging to compare in-vivo conditions with in-vitro steady 
flow experiments. The combination of the tortuous and branched geometries of 
arteries with the arterial flow waveforms can lead to complex flow profiles leading to 
significant temporal variations in the distribution of WSS and mass transport. (Krams, 
Wentzel et al. 1997; Kaazempur-Mofrad 2001; Chatzizisis, Coskun et al. 2007; 
Helderman 2007) 
 
 
 
           
 
 
Figure 75_ In-vivo eNOS expression is dependant on flow pattern. eNOS-GFP reporter mice 
revealing that eNOS dependency on shear stress pattern in-vivo.  Expression is differently 
regulated by unidirectional low flow compared to low and oscillatory flow. (Cheng, van Haperen 
et al. 2005) 
 
 
 
5.1.2. Motivation and Hypotheses:  
 
Effect of secondary flow on wall shear and mass transport distribution  
 
As shown by several studies, transport between blood and the arterial wall of 
numerous species can be limited by flow. WSS and mass transport distribution can be 
significantly different.  (Caro, Fitz-Gerald et al. 1971; Ma, Li et al. 1997; 
Kaazempur-Mofrad 2001; Wada 2002; Tarbell 2003; Helderman 2007; Comerford 
2008; Sun 2009)    CFD simulation of mass transport in a reconstructed 3D curved 
coronary artery showed that the ratio in mass transport between the inner and outer 
wall can be of about a 100 fold when the difference in wall shear stress is only about 
two fold. (Kaazempur-Mofrad 2001)  
These evidences lead to the suggestion that increased near wall residence time 
impairing mass transport might better explain the distribution of atherosclerosis than a 
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direct effect of shear stress.  Transport of several species including lipids, NO, ATP, 
oxygen or cytokine and leukocytes have been suggested to contribute to the focal 
distribution of atherosclerosis lesions.  (Caro, Fitz-Gerald et al. 1971; Jones D 1995; 
Simon 2002; Wada 2002; Richter, Groothuis et al. 2004; Helderman 2007; Coppola 
2008; Sun 2009). In an experiment mapping lipids distribution in-vivo with residence 
time near the wall (NWRT) and shear stress, Helderman et al. showed that NWRT 
appears to correlate more closely to the lipids distribution than low WSS. (Longest 
2003; Helderman 2007)  
 
Mass transport and residence time near the wall are considerably affected by 
recirculation and secondary flow. (cf.  chapter 3, (Ethier 2002)) Conventional parallel 
plates can not mimic secondary flows and mass transport profile as present in-vivo in 
atherosusceptible areas. 
Influence of such factors in the localisation of atherosclerosis have hardly been studied 
in-vitro due to the lack of 3D models of arterial geometry with cultured ECs.  
 
 
 
 
Experiment Aims  
 
This experiment aim is to validate a method to produce realistic in-vitro model of 
arteries. We propose to grow endothelial cells in arterial model (straight and curved) 
and run perfusion study under steady and pulsatile flow condition.  
Combined with en-face Immunostaining using confocal microscopy, such models could 
be used to investigate the relationship between secondary flow, shear distribution and 
endothelium biology. 
 
Mapping of endothelial physiology in models mimicking closer arterial flow condition 
may bring new evidences of the underlying role of shear stress, near wall residence 
time of plasma and mass transport in the preferential localisation of arterial disease in 
regions of curvature and branching.  
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5.2. Material and methods: 
 
Cell culture  
 
Porcine aortic endothelial cells (PAEC) were isolated from pig aortas by collagenase 
treatment (0.2 mg/ml). The cells were then grown on 1% gelatine coated tissue culture 
flasks using DMEM supplemented with 10% FBS Serum, 10% NCS Serum, 50 ng/ml 
endothelial cells growth supplement, 2 mmol/l glutamine, 100 µg/ml pen/strep and 
50 µg.ml-1 gentamicin. The flasks were maintained in the incubator at 37°C in a 5% 
CO2 environment. In the experiments, the cells used were from passages 2 to 5. All 
reagents were purchased from Sigma-Aldrich, UK. 
 
Arterial Model 
 
 
The models were realised in PMMA (Sylgard, Dow corning corp.). The Sylgard models 
were then coated by ECs as previously described (Moore 1994; Qiu and Tarbell 
2000). Briefly, the tubes were washed and treated with 70% sulphuric acid for 5 mins 
in order to render the silicon surface hydrophilic. After extensive washes with 
deionised water, the tubes were sterilised in boiling water. The tubes were then dried 
and coated with fibronectin (20ug/mL, Sigma) for 2hrs. A custom made rotator (Figure 
76) was built with a rotation speed of ~ 2 RPM to provide a uniform coating on the 
tube. ECs were seeded at a 50% density and tubes were left to rotate in the 
incubator for 2hrs to produce a uniform cell adhesion around the tube circumference. 
The tubes were then transferred to a T75 flask filled with complete media and after 
24 to 48 hr of culture; the cells started to form a confluent monolayer inside the tube 
and were ready for experiments.   
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Figure 76_ Rotator built for coating the sylgard models with endothelial cells. The sylgard model is 
placed in a 15ml tube with media and left to rotate in the incubator.  
 
 
 
 
 
 
Flow experiments 
 
A flow circuit was installed in the incubator as shown on figure 77. Prior to the 
experiment, the flow circuit was sterilised with 70% ethanol and rinsed extensively 
with sterile water. Complete medium was then left to warmed and equilibrate in the 
incubator for several hours before the perfusion experiment was initiated.  Flow was 
supplied by a clinical heart-lung peristaltic pump (COBE, SORIN Cardiovascular, 
Figure 78). The pump flow rate was adjusted to achieve the desired wall shear stress 
using Hagen-Poiseuille equation.  
To mimic blood viscosity and reduce the effect of the entry length, 5% in weight of 
Dextran (Sigma D4876) was added to the media to increases the viscosity of the 
media to 0.038 P, as described previously (Korenaga, Yamamoto et al. 2001) 
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Figure 77_ Experimental apparatus to perform flow experiments. A heart-lung peristaltic pump 
perfuses the media contained in the reservoir in the arterial model. 
 
 
 
 
Figure 78_ Experimental setup for perfusion: the reservoir and the model section are left in the 
incubator for experiment. The heart-lung pump remains outside of the incubator . 
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Flow profile 
 
To verify that the flow profile at the inlet of the phantom was parabolic, the rig was 
immersed and flow profile was imaged using color Doppler ultrasound (Ultrasonics).  
Longitudinal and transverse sections were recorded under the different flow rates 
used in the experiment.  
The flow waveform produced by the heart-lung pump was recorded using Doppler 
probe (Transonic system Inc, USA) and the pressure waveform recorded via a 2 French 
micro-tip catheter pressure transducer inserted in the medial part of phantom section. 
 
0
50
 
 
 
 
Figure 79_ Pressure  (top) and flow (bottom) waveform over time produced by the peristaltic by-
pass pump. at 25 RPM, equivalent to 425 ml/min. This pump mimics more closely the pulsatility of 
arterial flow through the phantom than a continuous flow pump. 
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Immunohistochemistry and Mounting 
 
After the experiments, the phantoms were disconnected from the loop, media was 
drained and the tubes were rinsed once with PBS. Cells were then fixed with 100% 
methanol for 5mins. Cells were left in PBS with 1% bovine serum albumin (BSA) for at 
least 30 minutes before staining to block undesirable non-specific binding. Sampled 
tube sections were then cut and stained as follow: as primary antibody, we used a 
rabbit anti NF-kappa B p65 ((C-20)-G Polyclonal, Santa Cruz Biotechnology) at 
1:250, a Rabbit anti-eNOS Polyclonal (Abcam) or a Rabbit anti- KLF-2 (Santa Cruz) 
at 1:250 dilution for 1.5hr at room temperature. 
As the secondary antibody, Alexa Fluor 594 goat anti-rabbit (Invitrogen Molecular 
Probes) was used at 1:250 dilution for 1.5 hr. Finally, DAPI (4',6-diamidino-2-
phenylindole 417 from Sigma) was used for nuclear staining, at a dilution 1:2000  (2 
µg mL-1 ) for 5 minutes.  The sections were then cut open and mounted en-face on 
microscope slides (Aqua Polymount,  Polysciences). 
 
Acquisition and analysis 
 
A Leica Sp5 confocal microscope was used to image the slides. Confocal settings were 
set as follow and kept unchanged between experiments (Details of settings: objective: 
40x, pinhole: 2.5, Laser: 405 Diode (3%), HeNe 543 (30%)).  
Analysis was performed using Leica and ImageJ software. The data are plotted as 
mean ± SEM of a minimum of 3 experiments.  
 
Shear stress evaluation 
 
In the straight phantom, the flow rate and shear stress were calculated using Hagen-
Poiseuille equation. With a viscosity of 0.038 P, the flow rate of 325 ml/min 
corresponded to 10 dyn/cm2 (high shear) and 65 ml/min corresponded to a shear of  
2 dyn/cm2 (low shear).  
 
The dimension of the curved phantom was determined after extensive CFD simulations 
using COMSOL MULTIPHYSICS. Those dimensions were chosen to mimic the difference 
in WSS between the inner and outer wall of a coronary artery. (Kaazempur-Mofrad 
2001) The final dimension of the model was a bend with Rc = 2.5 cm, ID = 6mm. A 
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parabolic velocity profile was selected as the inflow boundary condition with Re = 
260. With the viscosity of DMEM, this produced a WSS ratio of about 1/5 with ~ 2 
dyn/cm2 on the inner wall and 10 dyn/cm2 on the outer wall.  
The final mesh contained ~28 000 tetrahedral elements and the model was solved 
using Comsol FGMRES solver parameters.  
 
 
 
 
 
 
5.3. Results 
 
 
Culture and Perfusion of ECs in 3D sylgard model 
 
PAECs were cultivated in the sylagrd tube and a confluent monolayer was covering 
the circumference of the tube within 2 days. The hydrophylisation with sulphuric acid 
emerged to be a crutial step for the success of cell attachment and growth on the 
sylgard. Both gelatin and fibronectin were experimented as coating. ECs cultured on 
sylgard coated with gelatin did not seem to support shear exposure so fibronectin was 
preferred in the final experiment. (data not shown) 
 
 
 
 
Figure 80_ Confluent monolayer of endothelial cells inside the sylgard tube, 
observed under phase microscope. 
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Color Doppler ultrasound measurement confirmed the parabolic flow profile in the 
model in the middle part of the model were the cells were cultivated. (Figure 81) We 
ensured to cultivate the cells in the middle of the model with a straight section free of 
cells to let the flow develop before reaching the cells.  
 
After 48 hrs of perfusion with complete media, ECs exposed to high shear were 
realigning with the flow and appeared more elongated in the direction of the flow 
than ECs exposed to low shear. (Figure 82) 
 
   
 
Figure 81_ Color Doppler ultrasound evaluation of the flow in the phantom confirming the  
parabolic flow profile in the medial part of staright arterial model.  Left: longitudinal view, Rigth: 
transverse view  (65 ml/min) 
 
 
 
 
  
 
Figure 82_ ECs observed under phase-contrast microscopy immediately after 48h low shear 
experiment (left) and after 48h high shear experiments (right). 
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We tested en-face imaging with the confocal microscope of pig aorta and sylgard 
sections : we performed an en-face immunostainingg with a section of the porcine 
aorta (eNOS stain, Figure 83) and compared it with ECs cultivated on the sylgard. 
(CD-31 stain, Figure 83).  The confocal acquisition was set with a large pinhole to 
provide a higher stack thickness.  
 
 
            
 
Figure 83. Illustration of the difference between in-situ and cultivated ECs. On the left: PAECs on 
pig aorta obtained from the abattoir, endothelium is partly scrapped away (en face immunostaing 
of eNOS). Right: Comparison with confluent monolayer with PAECs after culture on sylgard 
material and stained for endothelial marker CD-31. 
 
 
The sylgard/tissue thickness can affect the mounting and en-face imaging. To get the 
section parallel to the confocal plan, we used in the final experiment the porcine 
artery longitudinal sections in a glass bottom culture dish. (Matek corporation).  
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NF-kB and KLF-2 expression in the models 
 
We investigated the expression of transcription factors NF-κB and KLF-2 in our model 
of a straight artery with exposure to different shear stresses. (Figure 84, 85) 
 
In static control, NF-κB remains in the cytoplasm unactive as expected. NF-κB 
translocated to the nucleus with both high and low shear exposure (n=3, P<0.02 *), 
consistent with previous results (see chapter 4). NF-κB was still active after 48 hrs of 
exposure to low WSS, and level of nuclear activation was higher than when the cells 
were exposed to high shear, although the difference was less significant (n=3, 
P=0.05),.  
The localisation of NF-κB after exposure to high shear appeared also more diffuse 
and homogeneous than after low shear exposure where contrast between nucleus and 
cytoplasm was very high and there was a significant heterogeneity between cells. 
 
Our early results in this model show that shear magnitude is a critical modulator on the 
activity and regulation of the transciption factor NF-κB. These observations in-vitro are 
consistant with in-vivo observation in mice suggesting that regions in the mice aorta 
exposed to the higher shear ((Feintuch, Ruengsakulrach et al. 2007; Suo, Ferrara et al. 
2007) have a decrease expression and activity for NF-κB and a lower chance of 
developing lesion. (Hajra, Evans et al. 2000; Won, Zhu et al. 2007; Cuhlmann 2009). 
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 Control        Low     High 
 
 
 
 
Figure 84_ Predominant cytoplasmic localisation of NF-κB in the control cells (left). Cells exposed 
to low shear (middle) exhibit a predominantly nuclear localisation of NF-κB. Cells exposed to high 
shear have lower expression of NF-κB than low shear and NF-κB was still active after 48 hrs of 
shear. (mean +/- SD of 3 indept. exps) 
 
 
 
 
 
 
 
 
 
3D ARTERIAL MODEL 
 
144 
Kruppel-like Factor 2 (KLF-2) is another transcription factor that has been shown to 
play an important role in inflammation and eNOS shear upregulation (SenBanerjee, 
Lin et al. 2004; Dekker, van Thienen et al. 2005; Helderman, Segers et al. 2007).  In 
our study, KLF-2 expression was low in both the control and low shear experiment but 
signifanctly upregulated after 48 hrs high shear.   
The KLF-2 expression was proportional to the magnitude of shear, similarly to the 
shear dependent upregulation  of eNOS observed in-vitro and in-vivo (chapter 4, and 
(Ziegler, Silacci et al. 1998; Cheng, van Haperen et al. 2005).  
 
 
       
           Control       Low     High 
 
 
 
Figure 85_ KLF-2 response in ECs exposed to 48hrs low shear (2dyn/cm2) and high shear 
(10dyn/cm2). There is a significantly higher upregulation of KLF-2 in ECs exposed to high shear (on 
the right) compared to low shear (middle) and static control (on the left).  (mean +/- SD of min 3 
exps, high/low shear vs control p<0.01) 
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Our preliminary results confirm previous in-vitro and in-vivo reports (Dai, Kaazempur-
Mofrad et al. 2004; Dekker, van Thienen et al. 2005; Won, Zhu et al. 2007) on KLF-2 
and NF-κB.  
NF-κB has been shown essential in the mechanism of eNOS shear upregulation (Davis, 
Grumbach et al. 2004)  however there is an inverse relationship between shear stress 
magnitude and NF-κB regulation and activity (Hajra, Evans et al. 2000; Won, Zhu et 
al. 2007). On the opposite, eNOS expression is proportional to the level of shear 
stress. (Cheng, van Haperen et al. 2005) . 
To explain this apparent discrepancy, we suggest that the combination of the two 
shear dependent transcription factors NF-κB and KLF-2 might explain the dynamic 
underlying shear stress level and eNOS expression.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 86 _Model of the NF-kB-KLF-2 -eNOS interactions in response to shear: (1)- (5) NO level 
regulates the shear relationship in the NF-kB-eNOS feedback loop as described previously (chapter 4). 
Shear stress regulate also KLF-2 (6), another transcription factor for eNOS. (7). Combination of the 
activity of these two transcription factors determines eNOS expression 
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Development of realistic arterial 3D model 
 
To investigate the effect of different shear stress magnitude in a single model, we 
performed a series of CFD simulation to create a model mimicking a curved artery 
and reproducing the high shear and low shear level used in the experiment with our 
straight model. (Figure 87-88) 
 
 
 
Figure 87 _CFD simulation of flow in one of the curved arterial model. Shear Stress distribution 
with a flow of a viscosisty of 0.038P lead to ratio in WSS between the outer and inner wall of 
about ~2. 
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Our first model produced only a ratio of 2 in WSS between inner and outer wall. 
Interestingly, for a given in-flow velocity, the ratio of WSS between inner and outer 
wall decreased with increasing viscosity. We modified the geometry and after 
extensive CFD simulation we produced a second model, with a geometry of ID=0.6 
and Rc= 2.5 cm. This model mimicked well the difference in WSS investigated 
previously when DMEM was used without dextran to increase its viscosity. (Figure 88-
89) 
 
 
 
 
Figure 88_WSS profile in the final curved arterial model with a ID=0.6 and Rc=2.5cm. The viscosity 
used was the one of DMEM (~0.009 P) with an inflow of 350mL/min corresponding to Re=930 and 
a WSS in the entrance region of 2.8 dyn/cm2. 
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Figure 89 _WSS profile around the circumpherence in the bend of the curved arterial model with a 
ID=0.6 and Rc=2.5cm, without increasing the viscosity of DMEM. In this model, the ratio of WSS 
between the inner and outer wall is ~5.0 with the WSS on the inner wall  of in the order of 1.5 to 
2.0 dyn/cm2 and the WSS on the outer wall ~10 dyn/cm2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 90_ Sylgard model built from a stainless steel cast corresponding to the CFD model 
simulation described in Figure 16.  The ECs were coated around the circumpherence of the 
bend. The flow rate was equal to the boundary condition in the CFD simulation, ie 350 
ml/min. 
3D ARTERIAL MODEL 
 
149 
 
Figure 91_ Cross-sectional velocity profile in the CFD simulation of Figure 16. (arterial model with 
a ID=0.6 and Rc=2.5cm, viscosity of DMEM). The CFD shows the development of horse-shoe 
pattern flow profile, characterising the presence of a secondary flow and a stagnation region on 
the inner wall. 
 
 
 
Sylgard model coated with ECs were exposed to inflow of 350 ml/min to produce a 
gradient of WSS and mass-transport in the bend with maxima and minima 
corresponding to our previous experiment. (Figure 90) 
During these experiments, cells detachment was very high during the experiments so 
we could not reliably analyse the cross-sectional expression of NF-kB and KLF-2 in the 
models.  
With a viscosity of DMEM, the entry length is ~16 cm at 350 ml/mi, producing a WSS 
of 2.8 dyn/cm2 and Re=930. In comparison, the entry length with the DMEM + 
dextran is only 4 cm when a flow of 325 ml/min is used, producing a WSS of 10 
dyn/cm2 and a Re=230. The cell loss could have been caused by the flow instability 
induced by the pump or the entrance flow. Increasing Reynolds number increases the 
entry length which propagates the flow instabilities further away into the model. 
The combination of high secondary flow (figure 91) with pulsatility produces also an 
instable oscillatory flow on the inner wall (chapter 3) and high shear gradient which 
may have contributed to increase cells degenerescence and apoptosis.    
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5.4. Discussion 
 
 
The focal nature of atherosclerotic lesions in curved and branching segments of 
arteries suggest a flow-related biomechanical risk factor in the development of 
atherosclerosis. (Caro, Fitz-Gerald et al. 1971). In-vitro flow chamber experiments 
mimicking different in-vivo conditions attempted to isolate this mechano-sensitive 
biological pathway underlying atherosclerosis. (Davies 1995) It appeared that in ECs, 
several thousands genes were effectively regulated by Wall shear stress (Davies 
1995).  
In-vitro experiments investigating more elaborated in-vivo flow conditions revealed 
sensitivity of ECs to flow waveform, recirculation, or neighbouring cells. (Resnick, Yahav 
et al. 2000; Friedman 2006; Chien 2007). This has made challenging the discovery of 
the key mechano-transducting biological pathways involved in atherogenesis.  
 
Definition of pro-atherogenic flow still remains unclear nowadays. Hemodynamical risk 
factor in atherosclerosis is not neither yet well defined nor measured in-vivo. 
Combination of complex arterial geometry, with changes in curvature, torsion and 
branching, with the pulsatility of blood flow waveform, produces local hemodynamical 
conditions that can be hard to measure or reproduce in-vitro. Some studies claimed 
that magnitude of WSS is key in determining ECs biological response but other works 
suggested that gradient and flow reversal are equally more important. (Bao, Lu et al. 
1999; Bao, Lu et al. 2001; Friedman 2006)  
 
In this chapter, we presented a method to produce 3D ECs coated arterial silicon 
model from arterial cast.  This technique provides a platform to study the effect of in-
vivo flow pattern on ECs in-vitro. 
 
In-vitro measurements and simulations in our arterial models have shown how pulsatile 
flows in curved geometry can produce complexes flow conditions with secondary flow 
and cross-sectional gradients in wall shear stress. Such features, characteristics of in-
vivo flow (Caro 1996; Foin 2007), cannot be mimicked using conventional parallel 
plate flow chambers. Although they influence significantly the distribution of WSS and 
mass transport (Caro 1996; Kaazempur-Mofrad 2001), effects of secondary flows 
have been hardly mimicked in flow-chambers due to the lack of 3D in-vitro models.  
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 Experimentation in controlled in-vitro environments mimicking more realistically 
in-vivo arterial flow conditions could be used to identify how flow-mediated 
biological variations translate into localisation and distribution of diseases.  
 
In-vivo clinical evidences show that there is a non- homogenous distribution of lesions 
between locations equally at risk in term of WSS environment, suggesting that a part 
of process leading to a lesion localisation is arbitrary and can not be explained by 
flow.  
 
 Comparison of WSS and transport pattern prior and after diseases in 
different patients may bring an insight to distinguish between the systemic, 
local and probabilistic effect of various risk factors on plaque development 
and morphology.  
 
 
Animal model are widely used to examine the influence of hemodynamical factor on 
endothelial biology. Variability in the geometry between specimen induced by age or 
by surgery can change the distribution of shear stress and thereby localisation of 
lesions. (Cheng, Tempel et al. 2006; Feintuch, Ruengsakulrach et al. 2007; Suo, 
Ferrara et al. 2007; Won, Zhu et al. 2007; Cuhlmann 2009).  
 
 In-vitro ECs coated models from arterial cast could also be useful in parallel to 
animal experiments such as with mouse model bringing a higher level of control and 
reproducibility to compare regions of interest.  
 
 
Guidelines for interventions on arterial diseases are constantly evolving. Cardiologists 
practices has recently changed rapidly in regard to the latest progress from 
innovations and clinical studies. (Poerner, Haase et al. 2002; Latib, Colombo et al. 
2009)  
Arterial geometry differs significantly from one individual to another (Figure 92). Such 
individual variability in geometry is important to understand individual preference in 
the disease localisation.  
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 Patient specific casts could be used as a realistic & reproducible model of 
arterial flow for evaluating the effects of different strategies of interventions on flow 
and ECs biology. This might help also bringing better guidelines for interventions.  
 
 
 
    
 
Figure 92_ Geometry of a given patient might predict focal risk for development of the disease. 
(right coronary artery from two patients with CAD, courtesy Royal Brompton Hospital) 
 
 
 
 
Conclusion 
 
More realistic arterial geometry model may bring better insights on the biomechanical 
regulation of endothelial cell function within complex flow fields.  In-vitro perfusion 
study using ECs coated phantom mimicking a patient arterial geometry could be 
interesting for studying the respective systemic, focal/diffuse and probabilistic 
contributions associated with biomechanical factors on atheroscerotic plaques 
development and morphology.  
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Chapter 6 
 
Discussion & Suggestion for future work 
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The objective of this thesis was to investigate the relationship between arterial 
geometry, blood flow patterns and the preferential distribution of arterial lesions in-
vivo.  To study this, a combination of reconstructions and ultrasound imaging of arterial 
flow have been investigated in parallel with a model of ECs inflammatory response to 
shear and perfusion study of ECs cultivated in-vitro.   
 
 
Importance of secondary flows on WSS and mass transport distribution 
 
In chapter 3, we investigated the use of ultrasound contrast to image blood flow and 
retrieve wall shear stress near the wall.  We presented the potential of this approach 
for evaluating local flow patterns, flow stasis or wall shear stress. Contrast based US 
may have interesting applications for diagnostic and evaluation of blood flow during 
intervention.  
 
The study emphasised the importance of secondary flow when studying the 
relationship between arterial flow patterns and the development of arterial diseases.  
We showed how subtle changes in arterial geometry and flow waveform can affect 
secondary flow profile which ultimately affects wall shear stress and mass transport 
distribution on the arterial wall.  
In a parallel study in-vivo (Foin 2007), we showed that arterial flows can have through 
the cardiac cycle stable or varying secondary flows patterns. In-vitro models were 
used to show how three-dimensionality of arterial geometry produce oscillations in 
secondary blood flow profiles throughout the cardiac cycle. Such flow pattern was 
suggested to improve blood mixing and reduce the predisposition to arterial disease. 
(Caro 1996)   
 
Understanding the influence of secondary flows on near wall blood flow patterns 
might be of interest for explaining local variation in disease patterns considering that 
several works have shown that endothelial cells react differently to steady low 
compared to oscillating low shear (Ziegler, Silacci et al. 1998; Cheng, Tempel et al. 
2006) and that Oscillatory Shear Index (OSI) is a major predicator of disease 
localisation. (Ku 1985) 
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Mass transport as an alternative explanation for the flow dependent localisation 
of atherosclerosis 
 
Shear stress and mass transport are two distinct biomechanical parameters which 
affect arterial wall biology and are influenced by blood flow profile. 
 
Wall shear stress plays a role through the direct mechanical force of the flow acting 
on the ECs structure.  This force induces stretching and deformations of the cell 
cytoskeleton directly or through transmembrane glycoproteins: glycocalyx, (Weinbaum 
2003; Wang 2007) and larger cilia structure protruding into the extracellular space 
physically being displaced by flow. (Poelmann, Van der Heiden et al. 2008) These 
deformations are transduced in a series of biochemical pathways through integrins, G-
protein receptors, K+ and Ca2+ ion channels, intercellular adhesion molecules, etc.... 
(Davies 1995; Helmke 2002) 
 
Another mechanism through which flow influences arterial physiology is by influencing 
mass transport of solutes between blood and the arterial wall. In chapter 2 and 4, we 
saw that when the flow rate is limiting mass transport for a given solute, a gradient of 
concentration can develop in the boundary layer adjacent to the wall. (Tarbell 2003; 
Plata-Garcia 2009) 
Although this mechanism has been less investigated than the direct mechanical effect of 
wall shear, several groups demonstrated that flow-impaired transport of species such 
as oxygen  (Caro, Fitz-Gerald et al. 1971; Kaazempur-Mofrad 2001; Tarbell 2003) 
or ATP (Nollert, Diamond et al. 1991; Comerford 2008) may explain if not entirely at 
least partially the distribution of the disease in low shear stress area. 
 
Increased near wall residence time of lipids (Wada 2002; Helderman 2007) or 
leukocytes (Jones D 1995; Pritchard 1995) in low-shear area might also be one of the 
main mechanism driving the progression of the disease. Hinds showed with an in-vitro 
model coated with E-selectin that hemodynamics could affect monocytes adhesion, 
independently of ECs response to shear (Hinds, Park et al. 2001). Other studies 
showed that leukocytes adherence is significantly increased with low shear stress and 
recirculation and selectin mediated-leukocyte attachment is almost ineffective at shear 
> 4 dyn/cm2. (Jones D 1995)  
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As shown by previous work (Grumbach 2005) and in chapter 4,  pro-inflammatory 
transcription factor NF-κB and  eNOS are both regulated by shear forces and are 
also interdependent through a negative feedback loop control mechanisms based on 
NO concentration. 
 
Nitric oxide is one of the most important molecules in endothelial cell and 
cardiovascular signalling. (Lloyd-Jones 1996; Fleming and Busse 2003). In our study, 
we suggested that nitric oxide transport by blood flow can influence intracellular NO 
concentration and thereby may play a role in the pattern of diseases.   This hypothesis 
was driven by the large evidences of nitric oxide transport from various experiments 
and models (Furchgott 1989; Ignarro 1989; Tsoukias 2004; Fadel, Barbee et al. 
2009; Plata-Garcia 2009).  
The work presented in the 4th chapter suggests by a combination of modelling and in-
vitro experiments, that wall shear stress and mass transport may act conjointly, leading 
to a paracrine regulation of NO concentration thereby contributing to preventing 
inflammation in the arterial tree.   
 
 
System biology modelling in cardiovascular research  
 
Cell biology can be extremely complex; it relies on inter-crossing pathways and 
multiples mechanisms of interactions. Recent wet lab techniques provided an large 
amount of data of endothelial cell biology which can hardly be handled using 
conventional biological approach. New tools in bioinformatics, statistics or mathematics 
are being developed to handle the amount of data and complexity generated from 
biological studies.   
In this thesis, we used a system biology model to test the hypothesis investigated in the 
in-vitro experiment.  Extensive simulations and sensitivity analysis provided an 
additional level of understanding of the biological pathway investigated. The model 
was further used to determine the optimal conditions for our in-vitro experiment.  
Such an approach has been proven a valuable tool in previous studies on inflammation 
regulation (Hoffmann, Levchenko et al. 2002) but it remains underused in the field of 
cardiovascular biology.  Rigorous system biology model built upon established 
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experimental data may help providing a clearer picture of the key mechanisms 
underlying shear dependent inflammatory response in ECs.    
 
Towards realistic in-vitro model of arterial flow 
 
In-vitro studies on cultivated ECs provide a control and reproducible hemodynamic 
environment. A large amount of results on the effect of WSS on ECs biology have 
been generated using such in-vitro model.  The scope of these studies is however often 
limited to transient effect of acute shear exposure which in term of biology can be 
hard to compare with in-vivo long-term effect.  Another limitation of 2D models 
described in chapt. 5 is the absence of secondary flows, an essential feature of in-vivo 
flow in plaque-prone areas. 
On the other side, animal models of atherosclerosis present lesions in similar location of 
the arterial tree as in the human. The mouse aortic arch has become a standard model 
for atherosclerosis study in-vivo despite the fact that hemodynamic environment in the 
mouse arch can be quite different between individual specimen. To solve some of 
these issue, the group of Krams (Cheng, van Haperen et al. 2005) develop a flow 
modifier to produce controlled flow environment in-vivo.  This model has now been 
established as an in-vivo model of the flow induced plaque formation. (Cheng, Tempel 
et al. 2006)  
 
Mapping of the endothelial biology with flow profiles in realistic 3D models of human 
arteries could explain some of the local and statistical variation in disease patterns 
found in-vivo that are hard to mimic with conventional in-vitro system.  
Realistic models might increase our understanding of the correlation between flow and 
vascular biology and may be used as a platform to test ECs response to devices 
designed for interventions. 
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Impact of hemodynamic in early and late disease 
 
It remains unclear whether impaired hemodynamics represents a risk factor only during 
the disease initiation prior to inflammatory cells recruitment or during all stage of the 
disease. (Krams 2006; Chatzizisis, Coskun et al. 2007) We review here some of the 
evidences suggesting an effect of hemodynamics in early and late stage diseases. 
 
Shear stress predicts plaque location and plaque growth 
 
Histological evidences indicate that the inner walls of curved arteries are particularly 
prone to plaques development. (Fox and Hugh 1966; Caro, Fitz-Gerald et al. 1969; 
Caro, Fitz-Gerald et al. 1971; Zarins, Giddens et al. 1983; Sabbah 1984; Asakura 
and Karino 1990)  In bifurcations, the carina is rarely affected by atherosclerosis and 
plaques tend to develop on the wall opposite to the carina. (Caro, Fitz-Gerald et al. 
1969; Zarins, Giddens et al. 1983; Asakura and Karino 1990). Several intravascular 
ultrasound studies have confirmed the preferential localisation of plaques on the inner 
wall (myocardial side) of coronary arteries (Tsutsui, Yamagishi et al. 1998; Jeremias, 
Huegel et al. 2000) as well as opposite the carina in bifurcations (Kimura 1996; 
Rodriguez-Granillo, García-García et al. 2006)  
Several studies employing a combination of CFD and imaging indicated an inverse 
relationship between shear stress and plaque thickness, thereby confirming earlier 
hypotheses from animals and human post-mortem observations. (Krams, Wentzel et al. 
1997; Stone, Coskun et al. 2003) These studies provided a direct in-vivo correlation 
between wall morphology and shear, and an explanation for the particular 
distribution of plaques in inner curvatures and near side branches in coronary arteries. 
Furthermore, they implied that shear stress remained a predictor of atherosclerotic 
disease location despite the fact these patients presented with advanced 
atherosclerotic disease.  
As the angle of the side branch, its size, the flow waveform and the presence of a 
plaque all may determine the local velocity/shear stress profile (Richter, Groothuis et 
al. 2004), the precise pattern of shear stress in-vivo is difficult to ascertain on basis of 
the current technique. Recently, an IVUS follow-up study performed in human coronary 
arteries indicated that low shear stress was predictive of plaque growth (Chatzizisis, 
Coskun et al. 2007). Similar studies have been published in the carotid artery, but 
here they showed that the inverse relationship between shear stress and plaque 
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location and growth was influenced by the presence and severity of risk factors. 
Whether low or high shear stress is a good predictor for in-stent restenosis and plaque 
growth in advanced human disease was evaluated by Wentzel et.al. (Wentzel, Krams 
et al. 2001; Wentzel, Janssen et al. 2003), who showed also that low shear stress 
predicts in-stent restenosis. 
To summarise, 3-D shear stress profiles in human coronaries can be obtained with a 
combination of 3-D imaging and CFD. These studies unequivocally demonstrate an 
important role of low shear stress as predictor of plaque location, plaque growth and 
in-stent restenosis. The importance of these early studies relies on the fact that they 
show that hemodynamical theories play an important role not only in the early phase 
of atherosclerosis but also in advanced end-stage human disease.       
 
Distribution of TCFAs suggest an association with blood flow 
 
As stated above, the spatial distribution of vulnerable plaque might offer an 
indication for a key role of blood flow in determining plaque composition. The 
definition of vulnerable plaque has been under debate, but has now been associated 
with thin cap fibroatheroma (TCFA; see other chapter in this book). Evidence for a 
particular distribution of TCFAs stems from several sources, including histological 
studies. Cheruvu et al. investigated the spatial distribution of TCFA and ruptured 
plaque in the coronary tree of patients after MI and found that 90% of all ruptured 
plaque and TCFA were localised within the first 33 mm of the proximal part of the 
Left Anterior Descending, Left Circumflex or Right Coronary arteries (Cheruvu, Finn et 
al. 2007). These regions downstream of an ostium are known to be exposed to 
average low WSS regions with significant WSS gradients (Soulis, Giannoglou et al. 
2007). Recent in-vivo studies confirmed these histological observations. Applying 
coronary angiograms of patients with acute coronary syndromes, Katritsis et al. found 
that 85 % of culprit lesions were found within 40 mm of a bifurcation ostium. (Katritsis 
2008). Furthermore, the majority of plaque rupture also co-localise with these 
locations. (Wang, Normand et al. 2004) 
 
Analysis of the distribution plaque rupture and TCFA with Intravascular Ultrasound 
(IVUS) provided further evidence that plaque rupture occurs predominantly in the 
proximal part of coronary arteries in the vinicity (within 40mm) of the coronary ostium.  
(Hong, Mintz et al. 2004; Hong, Mintz et al. 2007). In a study comparing plaques 
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composition in the left main coronary bifurcation, Rodriguez-Granillo et al. found that 
plaques in regions of the proximal LAD downstream of the bifurcation, which are in 
principle exposed to oscillatory shear, were associated with larger lipid rich necrotic 
core when compared with plaques upstream of the bifurcation exposed to more 
laminar WSS. (Rodriguez-Granillo, García-García et al. 2006; Soulis, Giannoglou et 
al. 2007) 
 
Recent progresses in intra-vascular Optical Coherence Tomography produce images 
of coronary plaques with a unique resolution that allow detailed evaluation of the 
arterial wall composition and atherosclerosis plaque morphology in-vivo. Comparison 
of OCT and IVUS showed a better capability of OCT for the detection of plaque 
composition and a resolution of OCT images about 10-20 microns, about 10 times 
higher than IVUS. (Jang, Bouma et al. 2002; Tanaka, Shimada et al. 2008). The 
preferential distribution of TCFA in the proximal part of the coronary artery near 
bifurcations in stable patients and patients with ACS has been further confirmed using 
OCT. (Fujii, Kawasaki et al. ; Tanaka, Shimada et al. 2008; Gonzalo, Garcia-Garcia 
et al. 2009). 
Because it allows accurate measurement of the thickness of the fibrous cap at high 
resolution, OCT is nowadays emerging as the gold standard for the detection of TCFA 
in-vivo. (Jang, Bouma et al. 2002; Barlis 2008; Tanaka, Imanishi et al. 2008).  
 
The typical distribution of TCFA’s near side branches suggests that blood flow and 
shear stress not only plays a role in plaque growth and plaque location, but also in 
determining its composition.  
 
 
Local plaque composition indicates upstream/downstream differences. 
 
While a spatial predisposition of TCFA cannot be explained by systemic risk factors, 
upstream/downstream differences in plaque composition must also be related to local 
factors other than systemic risk factors. A significant difference in the plaque 
composition between upstream and downstream section of plaques was indicated from 
post mortem data. (Dirksen, van der Wal et al. 1998; Burke, Farb et al. 1999). 
Dirksen found a significantly higher concentration of macrophages in the upstream 
shoulder of carotid plaques, compared to the downstream part of the plaque. 
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Inversely, smooth muscles cells content was significantly lower in the proximal shoulder 
of the plaque and higher in the distal shoulder of the plaque. (Dirksen, van der Wal et 
al. 1998) Similar findings have been found in animal models of plaque development. 
(Tropea, Huie et al. 1996; Cheng 2006; Helderman, Segers et al. 2007) 
 
High incidence of TCFA and cap rupture on the shoulder of the plaque has also been 
reported in-vivo using various intra-vascular imaging techniques. (Maehara, Mintz et 
al. 2002; Barlis, Serruys et al. 2008; Fukumoto 2008; Gonzalo, Garcia-Garcia et al. 
2009) In a study on over a hundred bifurcations combining OCT for the measurement 
of cap thickness and IVUS for detection of necrotic core, Gonzalo found that > 85 % 
of TCFA and calcified TCFA were located within the proximal part of the coronary 
bifurcations. In comparison, plaques defined as adaptive intimal thickening were more 
frequent distal to the bifurcation. (Gonzalo, Garcia-Garcia et al. 2009).   
 
The influence of shear on plaque vulnerability to rupture has been further confirmed in 
recent studies combining IVUS morphological data with wall shear estimation from CFD 
based on IVUS reconstructed lumen contour. Gijsen et.al. as well as Fukumoto showed 
that high strain occurs predominantly in the proximal part of the plaque and co-
localise with relatively high wall shear stress values and rupture (Groen, Gijsen et al. 
2007; Fukumoto 2008; Gijsen, Wentzel et al. 2008).  
 
To summarise: 
 
 In the early phase of atherosclerosis, low shear stress regions in inner 
curvatures and side branches predisposed to endothelial dysfunction and 
plaque formation while 3-D vessel lumen geometry is preserved by 
remodelling.  
 During a later phase, plaques grow inward, affecting vessel diameter. This 
leads to high shear stress upstream of the plaque and low, oscillating shear 
stress downstream of the plaque. As high shear stress is imposed on a 
dysfunctional endothelium, it may not play any longer a protective role but 
enhance local ROS formation, oxidation of LDL, foam formation and further 
inflammation. We propose that this complex interplay between shear stress 
and plaque growth might explain the rupture of TCFA’s. 
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Fgure 93_ A: Lipid Rich plaque in a Left Anterior Descending coronary artery with evidences of thin 
cap < 65 µm (arrow) acquired by Optical Coherence Tomography. (Lightlab, C7) B: The cap gets 
thicker . (>100 µm) as we move downstream of the plaque. C: Longitudinal reconstruction showing 
the cap thickness along the plaque (proximal part of the LAD on the left) 
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Figure 94_Influence of hemodynamic factors in early and late atherosclerosis. Lesions 
preferentially develop in area initially exposed to low and oscillatory shear stress. After initial 
compensatory remodelling, the lesion starts protruding in the lumen and the artery become stenotic 
with a higher shear on the proximal shoulder of the plaque and a shift of the low/oscillatory shear 
area downstream of the plaque. 
 
 
 
 
Importance of flow in clinical practice 
 
In the circulation, blood flow is driven by a pressure difference. In the regulation of 
coronary blood flow, most of the resistance to flow (pressure drop) is localised. in the 
microcirculation Whereas epicardial artery vasodilatation is mainly driven by 
increases in flow and aiming at maintaining a constant level of shear stress, it is 
actually microcirculatory vasodilatation, driven by metabolites and changes in 
intravascular pressure, that is responsible for most of the regulation of coronary blood 
flow. (Chilian 1997; Camici and Crea 2007)  
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Assessment of the impact of atherosclerosis lesions on flow 
 
Commonly, coronary stenosis severity is assessed using Fractional Flow Reserve (FFR). 
FFR is a measure of the resistance to flow (pressure drop) created by a stenosis.  A 
bolus of adenosine is injected in the coronary tree in order to suppress 
microvasculature resistance while a pressure wire measures the difference of pressure 
across the stenosis. In other terms, FFR assesses the capacity to increase blood flow in a 
given coronary vessel. At rest, an area stenosis less than 70 % is usually not flow 
limiting as most of the resistance to flow is localised within the microcirculation. 
However, during exercise (or during FFR) when the microcirculation resistance is 
reduced, a coronary stenosis may limit blood perfusion to the heart. 
The number of studies evaluating the influence of microcirculatory resistance on 
coronary blood flow and progression of CHD are limited. This may be partly due to 
the lack of non-invasive reliable methods for measuring individual coronary artery and 
myocardial blood flow.  
 
Surprisingly, flow rate is not systematically measured in patient undergoing coronary 
interventions. Thrombolysis in Myocardial Infarction (TIMI) frame count provides a 
useful estimation of the blood flow by visual estimation of the contrast progression on 
coronary angiogram but the method remains qualitative. However, using TIMI frame 
count, correlations was found between reduced flow after intervention, rate of 
restenosis and patient outcome. (Hikita 2009)  
It is increasingly evident that coronary artery disease (CAD) is associated with a 
dysfunctional endothelium including in the microcirculation. Slower coronary flow 
caused by microcirculation diseases has been suggested to enhance CAD progression. 
(Chilian 1997; Beltrame 2003; Li, Xu et al. 2006) The influence of dysfunction in the 
microcirculation on the progression of epicardial coronary stenosis has however yet not 
been fully studied. Recent studies quantifying microcirculatory function in patient with 
CAD revealed abnormalities of the microcirculatory function.(Camici and Crea 2007; 
Camici and Rimoldi 2009) Microcirculation dysfunction has been correlated with 
hypercholesterolemia and in patients with systemic inflammation such as in diabetes. 
(Chilian 1997; Camici and Crea 2007)  
Evidences of endothelial dysfunction and reduced coronary blood flow can be 
observed in patients with angiographically normal coronary vessels suggesting that 
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microcirculation disease may occur prior to epicardial lesions formation. In addition, 
impaired vasodilatory response in the coronary microcirculation not only reduces 
coronary blood flow reserve but also may reduce baseline coronary flow, which 
contribute to increase the hemodynamic risk factor in epicardial coronary arteries. 
(Zeiher, Drexler et al. 1991; Camici and Crea 2007; Camici and Rimoldi 2009) These 
evidences suggest that arterial dysfunction and disease may affect first the 
microcirculation before progressing as focal atherosclerotic lesions in the epicardial 
arteries. (Camici and Rimoldi 2009) 
 
 
 
Figure 95_Vicious cycle between hemodynamical factor and endothelial function leading to 
coronary artery disease progression. Low shear stress promotes endothelial dysfunction and 
diseases throughout the coronary circulation, leading to accumulation of lipids and macrophages 
and plaque growth, which contributes to further affect blood flow. 
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Cardiovascular physiology is intimately related to flow.  Blood flow patterns impact 
the growth and function of the vascular tree and plays also a major role in the 
development of arterial diseases.  To understand function and diseases in the 
circulation, one needs first to understand flow itself. Atherosclerosis itself results from a 
combination of biomechanical and biological factors influencing systemic and local 
physiology, and this thesis aims to provide further evidences for this. Only multi-
disciplinary efforts combining vascular biology, biomechanics and clinical expertise will 
achieve cutting-edge progress in cardiovascular research. 
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